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ABSTRACT
The literature on the processing, microstructure and properties of multilayered materials is 
briefly discussed.
The microstructures of Ti/Al laminate materials with nanometre or micron scale layers of 
Ti and Al, which were prepared by physical vapour deposition using thermal evaporation 
and electron beam evaporation, were studied. The former laminates (designated RC) had 
nanometre thick layers of Ti mcmAl^mSfVere deposited some time ago. The latter 
materials (designated EBRC) were developed during the research described in this thesis 
using an apparatus which was designed and purpose built for the processing of laminate 
alloys and composites. With the exception of one EBRC laminate where yttria layers were 
deposited between the Ti and Al layers, all other EBRC laminates were alloys based on 
Ti/Al layers. The thermal stability of the microstructures was evaluated on two EBRC 
laminates, which were chosen to represent micron and nanometre layering. All the EBRC 
laminates were evaluated for their mechanical properties.
The microstructure of all the EBRC laminates exhibited the typical defects found in 
physical vapour deposited materials such as spits, substrate initiated flaws and 
compositional banding.
In all the RC laminates and the EBRC laminates with nanometre thick Ti and Al layers the 
microstructure depended on T/T^ in accordance with the model of Movchan and 
Demchishin, where T^ represents the melting point of Al and Ti respectively for each 
group of laminates. For the EBRC laminates with micron thick Ti and Al layers the 
microstructure did not follow tlie expected dependence on T/T^ suggesting that the 
thickness of the second layer is important in the microstructural evolution.
All RC and EBRC laminates showed evidence of intermetallic formation in the as 
deposited microstructure, in particular TiAlg, TigAl and TiAl. F.c.c. Ti was also 
identified in RC and EBRC laminates with nanometre thick Ti and Al layers. The lattice 
parameter of f.c.c. Ti was 0.436nm, in agreement with earlier reports.
EBRC laminates with micron thick layers of Ti and Al retained the layered structure after 
2 hours at 823K while the layered structure in EBRC laminate with nanometre thick layers 
of Ti and Al was destroyed after Imin at 573K. The latter was accompanied by the 
formation of TiAlg witli a heat of formation substantially lower than the heat of formation 
of TiAls in bulk alloys.
Stresses in EBRC laminates with nanometre thick layers of Ti and Al varied from 550MPa 
to 1.3GPa. It is suggested that these stresses play an important role in interdiffiision 
between the layers and that they cannot be ignored when considering the development of 
the microstructures of the laminates.
Earlier reports that there is an enhancement of modulus and hardness in laminates 
with thin layers have not been confirmed in this thesis.
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CHAPTER 1
INTRODUCTION
Multilayered materials belong to the category of materials that have a one dimensional 
periodicity of composition and/or structure. Semiconductor superlattices were the 
early materials developed to exploit the properties of multilayered thin films 
(DuMond and Youtz 1940). They were processed using technologies that could 
create compositionally and structurally modulated thin films. Since these early studies 
laminated microstructures have been exploited in metal-metal and metal-ceramic 
multilayers which were developed for structural as well as for functional applications 
(Jin and Ketterson 1988). Studies have concentrated on structure-property 
relationships and on die promising properties of compositionally modulated alloys and 
composites.
Metallic multilayers have been claimed to stabilise new crystallographic phases and 
shown to exhibit phase transitions that depend on layer thickness (Ahuja and Frazer 
1994A). Nanolayered materials have also been claimed to have unusual structural 
features which are significantly different from those of their bulk counterparts 
(Cammarata 1995). Such structural transitions could lead to the development of novel 
material properties and have motivated R&D work to be directed towards engineering 
layered structures at the nanoscale.
In recent years research on advanced materials for structural applications at high 
temperatures has concentrated on the so-called structural intermetallics, and in 
particular on intermetallics based on the Fe-Al, Ni-Al, Ti-Al and Nb-Al systems. Of 
these the Ti-Al system has been selected for the development of advanced alloys
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based on the TiAl and Ti^Al intermetallic phases. Almost all R&D work has 
concentrated on cast and/or wrought ^(TiAl) aluminides processed using clean melting 
and casting technologies. Some effort has also been directed towards studying 
nanolayered TiAl materials processed using sputtering technologies (Ahuja and Frazer 
1994). To the author’s knowledge no previous work has been done on thick nano and 
microlayered TiAl base materials.
Laminated thin materials based on Ti, Al and TiAl aluminides have potential for high 
temperature structural applications. These are the materials of interest to this thesis. 
The research described in this thesis represents the first attempt in the UK towards 
the production and characterisation of TiAl laminates.
The aim of this thesis was to study the synergistic effects of processing and material 
"architecture" on microstructural evolution, structural transitions and dynamic 
interaction/s (if any) between the individual layers of the multilayered material.
The objectives of the research were:
(1) The production of layered alloys and composites of nanometre and micron thick 
layers by physical vapour deposition using electron beam evaporation.
(2) The microstructural characterisation of the as deposited laminate materials and of 
heat treated laminates.
(3) The evaluation of mechanical properties of the laminates and the study of the 
microstructure - property relationships in laminates.
The strategy adopted for realising these objectives included:
(a) The characterisation of Ti/Al laminates prepared using thermal evaporation in the 
late 1960’s and early 1970’s. The knowledge gained from understanding how the 
microstructure of these materials was developed would assist the processing of TiAl 
laminates in a modern purpose built apparatus using PVD electron beam evaporation.
(b) The selection of a range of microstructural characterisation techniques which 
would enable the structural and chemical characterisation of the bulk microstructures
1.2
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and more importantly the understanding of the phenomena occurring at the interface 
between layers.
(c) The selection of heat treatment schedules and mechanical testing techniques to 
assess the stability and phase transitions in the laminates and their properties.
The research was highly influenced by the processing of the materials. Throughout 
the life of this project modifications were made to the PVD apparatus. Also in the 
early stages the progress of the work was dictated by the availability of good 
material, the latter being developed on a trial and error basis.
The structure of the thesis is as follows. Earlier research on multilayer materials and 
in particular on their microstructures and properties is briefly discussed in chapter 2 . 
The experimental techniques used in this thesis both for the production and for the 
characterisation of the materials are described in chapter 3. The microstructural 
characterisation of the early thermal evaporation deposited laminates is described in 
chapter 4 together with a discussion of the intermetallic phases identified in the 
laminates. The laminates deposited using PVD with electron beam evaporation are 
discussed in chapter 5. The tliermal stability of the laminates is discussed in chapter 
6  and their mechanical properties in chapter 7. The conclusions of this work and 
suggestions for future work are given in chapter 8 . Papers based on the research 
described in this thesis and which have already been published or accepted for 
publication are given in Appendix A.
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CHAPTER 2
LITERATURE REVIEW
2.1 INTRODUCTION
The earliest reported synthesis of a multilayered system is by Deubner (1930), who 
produced a multilayered system by electrochemical techniques but was unable to 
ascertain the quality of the structure. Following this DuMond and Youtz (1940) 
produced Cu-Au multilayered structures by Physical Vapour Deposition (PVD). 
Since the work of DuMond and Youtz (1940) there has been great interest in 
multilayers particularly in the fields of semiconductor and magnetic multilayers (Jin 
and Ketterson 1988). Systems with multilayers have been shown to exhibit unusual 
and often unpredicted mechanical, electrical and magnetic properties. The biggest 
drawback with multilayered systems is that they are made as thin films with the final 
deposit being no more than a few microns thick. This causes problems in evaluating 
bulk properties and limits their structural applications. This thesis concentrates on 
the microstructural characterisation of ’thick’ (i.e. mm) laminates with controlled 
layer periods in the range of nanometres to microns. The literature review presented 
in tliis chapter concentrates on the experience gathered from thin film work, as to the 
author’s knowledge, no other group has produced thick laminates consisting of layer 
periods in the range of nanometres to microns.
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In this literature review we briefly consider multilayered systems including current 
terminology and some major areas of research interest: The importance of the 
interface in multilayered systems, which can be described as ’interface solids’, is 
reviewed together with stress effects and their relation to phase equilibria, 
interdiffusion and growth modes; The properties of multilayers including elastic 
constants, hardness, strength, diffusion characteristics and magnetic properties are 
briefly discussed; Research where multilayers have stabilised unusual crystallographic 
phases is reviewed; Titanium aluminides and research on multilayered materials based 
on titanium are briefly reviewed; The Physical Vapour Deposition (PVD) process, the 
method chosen to manufacture the laminate material studied in this thesis^ is also 
outlined.
2.2 EPITAXIAL LAYERS AND MULTILAYER SYSTEMS
In 1928 Royer made the first detailed and systematic study of orientated overgrowth. 
The main concept introduced by Royer was that epitaxy only occurs when the lattice 
mismatch between deposit and substrate is small i.e. less than 15%. With the 
discovery of electron diffraction in 1927, evidence started to emerge that epitaxy 
could occur witli misfits greater than 15% (Pashley 1956). Schulz (1951) grew alkali 
halide deposits on mica by condensation from the vapour stage, and succeeded in 
obtaining epitaxy for misfits as high as 27%. These results confirmed that Royer’s 
15% rule was not valid. However, the work of Schulz (1951) showed that lattice 
misfit does influence epitaxy both in terms of favoured orientations and modes of 
growth.
Nucléation processes have been divided into three classes, each having important 
consequences for the subsequent growth and structure of epitaxial layers (Pashley 
1985).
Layer (Frank - van der Merwel growth - In this case monolayer islands of deposit 
nucleate and grow together to form a single monolayer of deposit on which further
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growth occurs in the same way, so that the deposit grows in a layer by layer manner. 
This growth mode is favoured when the deposited atoms are more strongly bound to 
the substrate than they are to each other.
Island rVolmer-Weberl growth - Here discrete three dimensional nuclei form on the 
substrate surface and increase in size and number, until a saturation density of nuclei 
is formed. These nuclei then grow in size until they intergrow with each other to 
form a continuous film. This growth mode is favoured when the deposited atoms are 
bound more strongly to each other than they are to the substrate.
Stranski-Krastanov growth - In this case nucléation and growth occurs as for layer 
growth to produce a small finite number of monolayers on which subsequent 
deposition occurs by the formation and growth of discrete three dimensional nuclei 
as for island growth. This mode of growth occurs when the deposit atoms are very 
strongly bound to the substrate, and when one or a small number of deposited layers 
disturbs the smooth transition in binding from that for the first layer absorbed to that 
for the bulk deposit material.
Many epitaxial deposits are found to have high densities of lattice imperfections, such 
as dislocations, stacking faults or twins (Pashley 1985). These are introduced during 
the growth of the deposit. Dislocations can form when three or more islands coalesce 
to produce a hole in the film. In one case for silicon on sapphire, stacking faults and 
twins lead away from the interface into the silicon layer and these were thought to 
provide the means of accommodating the 6% lattice misfit (Pashley 1985). As the 
layers were grown above 0.5/xm thickness there was inadequate evidence as to 
whether these were pure growth faults or whether they resulted from some 
rearrangement caused by high stresses in tlie growing layers.
In principle multilayer structures can be synthesised by using any technique in which 
the product is formed by means of an atom-by-atom process e.g. molecular beam 
epitaxy (MBE), physical vapour deposition (PVD), chemical vapour deposition 
(CVD), electrochemical deposition. Mechanical processing of macroscopic laminates
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might also yield multilayer structures e.g. massive drawing of Cu-Nb composites has 
been demonstrated to result in Nb wires approximately lOOOnm in diameter contained 
in a Cu matrix (Bevk et ah, 1978).
Each of the above techniques has both advantages and disadvantages and some of the 
following points need to be addressed when choosing a particular technique:
i) The specific materials which comprise the layers and the physical form in 
which they are most readily available in, e.g. electrodeposition requires the 
availability of an appropriate electrolyte, which is preferably composed of ions 
of both A and B.
ii) The extent of contamination which is tolerable in the materials being deposited 
and the vacuum required for the deposition process.
iii) The physical properties required of the multilayer. This is especially critical 
in semiconductor fabrication where a high degree of perfection is required in 
the multilayers.
The nature of the arrangement of atoms at the interface between layers is described 
in terms of the coherency of the interface. If the atoms of the overlayer assume the 
same spatial distribution as the atoms in the substrate the interface is said to be 
coherent. This is almost always the case during the deposition of the first few 
monolayers of two isostructural materials. If there is a large difference in the lattice 
parameters of the two materials, then coherency is lost after several monolayers by 
the introduction of dislocations at the free surface that move to the interface 
decreasing the strain energy of the deposit-substrate system. A critical period Pc has 
been defined such that at periods below Pc the interfaces are coherent and the layers 
strained and at periods above Pc the strain is progressively relaxed through the 
creation of misfit dislocations, while the layers become undistorted (Van der Merwe 
and lesser (1988)).
Multilayered systems have been described using a variety of terms, e.g. micro/nano
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laminates, superlattices or compositionally/structurally modulated alloys. In 
micro/nano laminates the laminae thicknesses are of the order of microns or 
nanometres. Laminate composites have a significant advantage over fibrous 
composites because of their in-plane isotropic properties. The properties of the 
laminate depend on:
i) The structure and properties of each of the components.
ii) The respective volume fractions.
iii) The interlamellar spacing.
iv) Their mutual solid solubility.
v) Possible reactions between the components.
A superlattice is a multilayered system possessing coherent interfaces. Also, the term 
superlattice is used in a broader context to refer to any multilayered system which has 
a periodicity greater than the interatomic spacing.
A compositionally modulated alloy (CMA) is a multilayered system where the 
materials alloy and hence have a diffuse interface e.g. Cu-Ni.
The degree of coherency at the superlattice interfaces depends on a number of factors 
such as natural lattice misfit between the two constituents, the relative thickness of 
the layers and their elastic constants. Structures containing composition modulations 
(whether produced naturally or artificially) can contain coherency strains of up to 
several %. Such strains can normally only be produced by hydrostatic pressures 
exceeding 10 GPa (Hilliard 1979).
Multilayer structures, where the components have tlie same crystal structure but 
different compositions, will generally have a different lattice parameter than the 
unconstrained material. If the material is constrained the above difference can be 
accommodated in a number of ways:
i) By distortion (straining) of the layers in such a way that lattice spacing in the
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plane of each layer is the same,
ii) By the introduction of misfit dislocations to accommodate lattice mismatch.
In both cases the free energy of the system is increased. In the latter case the 
increase is inversely proportional to the thickness of the layers whilst in the former 
the elastic free energy required to achieve the coherency is independent of layer 
thickness. Therefore as the layer thickness decreases it becomes more energetically 
favourable to have a coherent interface. Coherency has been observed for 
composition modulations of <  5nm (Hilliard 1979).
Hilliard (1979) considered the effect that the large strains present in a coherent 
interface may have on the mechanical, magnetic and electronic properties of the 
layered system as well as the texture formed during formation of the structure. If the 
two constituents of the multilayer have different crystal structures then one (or 
possibly both) may assume a non-equilibrium form in order to maintain coherency.
Bennet et al., (1987) showed that in Mo/Ta films the strain normal to the film plane 
is localised at the interfaces. At present there is still considerable controversy as to 
the strain distribution throughout a multilayer system and its possible effects on the 
properties of the material.
2.3 DIFFUSION PHENOMENA IN LAYERED STRUCTURES
In thin film structures, the diffusion, and consequently the metallurgical 
transformations, are expected to present special characteristics as compared to bulk 
samples. Thin films generally contain a high density of high diffusivity paths at low 
temperatures, such as grain boundaries and dislocations. Thin films are also highly 
defective, stressed structures and when subjected to furnace annealing will behave 
differently as compared to bulk samples. Other factors, which would affect diffusion, 
are the possible presence of disordered or metastable structures and volume elements,
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which are in close proximity to either a free surface or an interphase boundary of 
some kind.
According to Cahn (1962), at very steep concentration gradients the accepted laws for 
chemical diffusivity would break down. This prediction was confirmed by work done 
on the wavelength dependence of interdiffusivity in Au-Ag, (Cook and Hilliard 1969), 
Cu-Pd (Philofsky and Hilliard 1969), Au-Cu (Paulson and Hilliard 1977), Cu-Ni and 
Ag-Pd foils (Henein 1979). Philofsky and Hilliard (1969) studied the effect of 
coherency strains on diffusion in Cu-Pd alloys. Fig 2.1 shows that over the range 
where coherency was lost there was an approximate twofold decrease in diffusivity.
Phase selection at an interface between different materials is kinetically and 
thermodynamically constrained. Analysis of kinetic constraints on phase selection 
could be pursued in terms of competitive growth arguments or in terms of constraints 
on nucléation. Both approaches have limited predictive capabilities due to their 
dependence on unknown kinetic constants and, in the case of nucléation, interfacial 
free energies. According to Thompson (1992) interdiffusion and self-diffusion play 
important roles in phase selection. While the relative rates of nucléation are 
ultimately controlling in phase selection, which phase can nucleate is controlled by 
interdiffusion and the nucléation rates are controlled not only by the barriers to 
nucléation but also by the diffusion required to form critically sized clusters of the 
product phases.
Phase selection in multilayer Ti/Al and Nb/Al systems of stoichiometries 
corresponding to TiAl^ and NbAl^ has been explained in terms of a nucléation and 
growth process as originally suggested by Coffey et ah, (1989), According to this, 
first occurs the nucléation of product-phase grains and their growth to coalescence 
predominantly in the plane of the interface. This is then followed by growth 
predominantly in the direction perpendicular to the original interface.
2.7
Chapter 2: Literature Review
Fig, 2.1 Variation of effective interdiffusion coefficient D7  with wavelength X (after
Philofsky and Hilliard 1969). The large decrease in D7  between 28Â and 38 Â was 
attributed to coherency loss.
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Research in the microelectronics industry on interdiffusion and reactions in metal- 
metal and metal-semiconductor thin films has revealed some interesting results. 
Findings indicate that interdiffusion and intermetallic formation can occur at much 
lower temperatures than for bulk diffusion couples. This has been partly attributed 
to the cleanliness of the interface and highly defective microstructures. It has been 
proposed that in intermetallic compound formation the stable compounds tend to form 
sequentially i.e. they grow in thin film bilayers rather than several or all of them 
growing together as in the bulk case. Loo and Rieck (1973) studied interdiffusion
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between bulk A1 and Ti. Below 913K only one phase developed namely TiAl^. They 
carried out marker experiments, which showed that A1 was the only diffusing 
component at low temperatures. This was further supported by the results of Tardy 
and Tu (1985) who also showed that the diffusion of A1 in TiAl^ is much faster than 
that of Ti.
For metals deposited on metals it has been reported that the condensing atoms can 
penetrate into the substrate surface at temperatures which would not normally be 
expected to lead to interdiffusion (Pashley 1965). For example when Cu was 
deposited on Au at 393K a Cu-Au alloy layer was formed initially before the Cu 
atoms buüt up as three dimensional islands on top of this layer (Pashley 1985). From 
this it was deduced that the kinetic energy of the arriving Cu atoms was high enough 
to allow some penetration into the Au surface.
Scott et a l, (1994) produced nanometre scale laminates of Ti/TiN on <  111 > silicon 
substrates using a cathodic arc evaporation process. The interfaces between the layers 
were analysed using PEELS (parallel electron energy loss spectroscopy) and were 
found to be graded as opposed to being abrupt. Koehler’s (1970) tlieory for strength 
enhancement in a laminated structure requires that the layer interfaces be abrupt. 
Any alloying or diffusion across an interface would thus be expected to affect the 
mechanical properties of the bulk material when compared to an ’interfacially sharp’ 
nanolaminate.
The above have highlighted the significance of nucléation barriers and the availability 
of driving forces for phase formation, which might be considerably smaller than the 
bulk heat of formation of the product phase. Possible sources of this reduction in 
driving force are thought to be processes which might precede the formation of any 
new phase, such as mixing of the reactants during deposition or by interdiffusion.
7^6. influence of stresses on phase equilibria and diffusion is discussed below in section 
2.4. The precursor phases expected to form during such reactionsare supersaturated
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solid solutions or metastable (including amorphous) phases, depending on the 
thermodynamics of the system concerned.
2.4 STRESS EFFECTS
2.4.1 Influence of Stress on Phase Equilibria
Crystalline alloys often exist in a state of stress at equilibrium. In thin film systems 
epitaxial strains are one of the sources of stress. Phase equilibria can be affected by 
a state of stress. It is possible to consider two types of phase equilibria in crystalline 
solids:
(i) Incoherent - in which specifying an external pressure necessarily requires an 
identical pressure (hydrostatic stress) in each of the phases at equilibrium. 
The characteristics are qualitatively similar to those observed in fluid systems.
(ii) Coherent - in which displacements or tractions are continuous across phase 
boundaries. In a coherent system the stresses and strains may be neither 
uniform nor hydrostatic at equilibrium.
In a fluid or incoherent solid system, the total free energy of the system is 
independent of the number and morphology of the phase domains and their spatial 
arrangement within the system when interfacial energy is neglected. One phase 
domain does not influence the thermodynamic state of another phase domain. This 
is the property from which the Gibbs phase rule arises and allows the construction of 
equilibrium phase diagrams from the common tangent construction.
However, in a coherent system the free energy of the system depends on the 
geometric arrangement of the phases as well as the morphology and number of the 
individual phase domains. Fig 2.2(a) shows unconfined phases alpha and beta 
depicted as parallel plates. Fig 2.2(b) shows an unconstrained system in which the 
alpha and beta phases are under tension and compression respectively (in terms of
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lattice size). The elastic state of one phase depends explicitly on the presence of the 
other phase. If alpha is thick with respect to beta then the alpha phase will only be 
slightly deformed from its unstressed state and the lattice parameter of the beta phase 
will be deformed so that it almost matches that of the unstressed alpha phase. If the 
layer thicknesses are almost equal then the elastic states will be determined by their 
relative stiffnesses. If the elastic state alters then the thermodynamic state alters. 
Thus the thermodynamic state of one phase is influenced by the presence of the other 
phase. As such the Gibbs phase rule is no longer applicable (Chiang and Johnson 
1989).
Fig. 2.2 Schematic two phase alloy: (after Chiang and Johnson 1989)
a) Stress-free lattice i.e. unconfmed lattice.
a
b) Shows 2L constrained system in which the alpha and beta phases are under 
tension and compression respectively (in terms of lattice size).
<--------
a
------- > -
<-------- ------- >>
------------ ) <----------------
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Another predicted manifestation of coherency stresses is that more than one stable 
equilibrium state may exist for a two phase binary alloy. This means that for a given 
alloy composition, temperature and pressure more than one volume fraction will give 
a minimum in the free energy of the system.
Jardine (1993) studied the effect of stress on the phase evolution of TiNi thin films. 
TiNi thin film deposited onto substrates at room temperature is amorphous. 
According to the Ti-Ni equilibrium phase diagram, the stoichiometric B2 phase is the 
stable phase after annealing at 773K. However, after annealing the TiNi film for 1 
hour intermetallic phases were formed. Jardine concluded that the conventional phase 
diagram may not be adequate to explain the variability of the final microstructure in 
a thin film. On heating to the crystallisation temperatures in the range 773K to 873K 
the thin film experienced significant strains due to lattice mismatch, thermal 
expansion mismatch and volume contractions on annealing. Jardine estimated that 
these stresses were of the order of several GPa. The conventional Ti-Ni phase 
diagram is for a fixed hydrostatic pressure of 1 atm. By considering thermodynamic 
variables Jardine (1993) was able to construct a range of Ti-Ni phase diagrams for 
different compressive stresses (See figs 2.3 a-d). For a compressive stress of I and 
2 GPa the Ti-Ni phase field shifts with increasing stress and at 773K, the 
stoichiometric composition will be likely to decompose into other intermetallic 
compounds. However, these phase diagrams are not conclusive as they fail to take 
into account the effects of two dimensional stresses as opposed to model hydrostatic 
pressures and the possibility of other intermetallic phases being formed.
2.4.2 Influence of Stress on Interdiffusion
The diffusive flux of a species is expressed as a product of a mobility and a driving 
force. The mobility is proportional to the diffusivity of the species. The driving 
force is the gradient of the chemical potential of the species. Stress can affect both
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Fig. 2.3 The Ni-Ti phase diagram at four different compressive stresses: (a) latm,
(b) 0.5GPa, (c) IGPa, (d) 2GPa (After Jardine 1993).
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factors. For example hydrostatic pressure affects the mobility through the activation 
volumes for formation and migration of defects. The effect of internal stresses on the 
driving force has been studied by Larche and Cahn (1985) and by Stephenson (1988). 
The latter also studied the effects of stress relaxation and convective flow due to 
plastic deformation. For example, a difference in atomic volumes between the 
interdiffusing species may cause buildup of internal stresses during interdiffusion. 
The interplay of interdiffusion and stress has been analysed by Stephenson (1988). 
He showed that the stresses due to the net transport of volume during interdiffusion 
act to oppose the interdiffusion process but can be relieved by plastic flow. Thus a 
quasi steady state is established where the rates of stress buildup and relief are
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balanced. The scaling of the rates of plastic flow and of diffusion with distance are 
only significant for short diffusion distances. For short distances the interdiffusivity 
is in the Nemst-Planck regime and is essentially governed by the diffusivity of the 
slow species. For macroscopic diffusion couples stress effects are insignificant and 
the behaviour follows the classical Darken regime, in which interdiffusivity is 
essentially governed by the diffusivity of the fast species.
2.4.3 Influence of Stress on the Growth Mode
Both the structure and integrity of a thin film are strongly influenced by strain. Under 
strain the growth mode can change from a layer-by-layer mode to one with the 
formation of three dimensional nuclei (See section 2.2). In the work of Van der 
Merwe (1963) and Matthews and Blakeslee (1976) this change in growth mode was 
explained in terms of the introduction of strain relieving misfit dislocations, which 
appeared when the film had reached some critical thickness. Recently it has been 
shown that this change in growth mode can occur even without the introduction of 
strain relieving misfit dislocations. Such dislocation free coherent islanding or 
roughening has been observed experimentally both in Ge/Si (Asai et al., 1985) and 
InGaAs/GaAs (Guha et al., 1990) systems. Further work (e.g. Xie et al., 1994) has 
shown that this change in growth mode is dependant on the sign of the strain. Films 
under compression roughen by forming coherent islands whilst those under tension 
will remain relatively smooth.
Schneeweis and Aberman (1993) showed that thin titanium films grown by electron 
evaporation at room temperature exliibited only tensile stresses, which were attributed 
to columnar grain growth. At substrate temperatures above 327K during deposition 
compressive as well as tensile stresses were found with increasing thickness indicating 
a transition to island growth due to an increase in adatom mobility at higher substrate 
temperatures.
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2.5 PROPERTIES OF MULTI-LAYERED SYSTEMS
2.5.1 Elastic Constants
The reported elastic constants of 21 superlattice systems show that of these systems 
17 were claimed to exhibit anomalous elastic constants (Table 2.1). Here the term 
anomaly refers to an elastic property, which depends on the modulation wavelength 
of the superlattice and which is not predicted by the continuum theories. One of the 
most common features reported is a softening of the shear modulus.
The elastic modulus is frequently cited as an example of a structure insensitive 
property. Heavy deformation reduces the modulus by only a few percent. Drastic 
atomic rearrangement, produced by ordering, can change the modulus by as much as 
50%. However, various research groups studying a range of materials with 
composition modulations of around 2 nm reported that the modulus increased by a 
factor of 4.
Yang et al., (1977) reported the so called "supermodulus effect" in both Au-Ni and 
Cu-Pd composition modulated foils. Both foils had composition modulations of 
between l-7nm with a final foil thickness of between 0.5-2jum, The foils were 
prepared by evaporating high purity elemental sources onto heated mica substrates. 
Analysis of the foils was performed by XRD and modulus measurements were made 
using a bulge tester. The results showed modulus increases of between 200-400% for 
composition modulations of around 2 nm.
Henein and Hilliard (1983) reported similar large increases of modulus for Ag-Pd and 
Cu-Au films. The foils had composition modulations of between 1.52-3.95nm with 
a final film thickness of between 0.62-1.2jitm. Both the preparation and testing of the 
foils was similar to Yang et al., (1977). Tsakalakos and Hilliard (1983) reported the
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Table 2.1 Superlattices in which elastic constants have been determined (after 
Grimsditch and Schuller 1992).
System Elastic constant Anomaly
Cu/Ni No
Cu/Pd No
Mo/Ni Yes
Pt/Ni C3, Yes
Ti/Ni C33 Yes
Cu/Nb Yes
NbN/AlN No
GaAs/AlAs C33 No
Nb/Si Yes
Au/Cr Yes
Ag/Pd Yes
V/Ni Yes
Fe/Pd Yes
Co/Ag Yes
Mo/Ta Yes
Co/Cu No
Fe/Cu C44 Yes
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"supermodulus effect" for Cu-Ni multilayers, both Schuller et al., (1986) and Fartash 
et al., (1991) for Cu-Nb and by Clemens and Easley (1988) and Khan et a l,  (1982) 
for Mo/Ni.
Itosaki (1982) and Davis et al., (1992) failed to see an increase in modulus for Cu-Pd 
films. Baker et al., (1990), using both indentation and microbeam deflection of Au- 
Ni films, also failed to see an increase in modulus.
Banerjea and Smith (1987) used continuum elasticity in an attempt to explain the 
enhanced modulus effect in metal alloy superlattice films. The two basic assumptions 
of the continuum theory are:
i) Bonding between the layers.
ii) Each layer retains its bulk properties.
They concluded that the continuum theory was inadequate to describe the 
enhancement of modulus.
There is no evidence for poor bonding between the layers. However, it is reasonable 
to assume that the individual layers no longer retain their bulk elastic properties. 
Indeed, there is debate as to whether these changes are confined to the interface layer 
or whether they substantially extend into the bulk of each layer.
The existence of a "supermodulus effect" is now considered controversial. One of 
the fundamental factors leading to the confusion surrounding the "supermodulus 
effect" is the validity of comparing elastic moduli determined by direct mechanical 
measurements e.g. microtensile, bulge and nanoindentation tests with those derived 
from physical measurements e.g. Brillouin scattering, surface acoustic wave and 
continuous ultrasonic wave techniques. Few experiments have been undertaken to 
directly compare the elastic moduli determined using the two classes of experimental
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techniques (Chou et ah, 1992A).
Other important factors affecting the elastic modulus include: the microstructure 
formed during the deposition process, interfacial reactions between layers, structural 
textures and internal stresses. As such it is vital to understand the microstructure of 
these systems in order to understand their elastic properties (Chou et al. , 1992B).
In particular, much controversy is centred around the use of the ’bulge tester’. In a 
typical test the foil is clamped over a 8 mm diameter hole at the end of a cylinder. 
Excess gas pressure is applied to the cylinder and the height of the foil is measured 
as a function of pressure. The maximum pressure is typically 65kPa and the 
maximum bulge height 0.5mm. Recent work by Small et al. , (1994), with the benefit 
of improved analysis and sample preparation for the bulge test, examined the Ag-Pd 
system in order to observe the "supermodulus" effect. Standard micromachining 
techniques were used to etch holes in nitride coated (100)-Si substrates leaving 
windows of free standing SiN^. Ag-Pd multilayer films were deposited onto the 
nitride windows using dc magnetron sputtering. Composition modulated Ag-Pd films 
were fabricated with bilayer periods ranging from 1.28-10.2nm and a total film 
thickness of 425nm. No effect was found and the paper refutes the earlier work done 
on this system.
Small et a l,  (1994) attributed the "supermodulus" claims of Yang et al., (1977) to 
the presence of compressive strains in the multilayered film after deposition. Once 
these films are removed from the substrate, the films buckle and become wrinkled. 
The consequence of this wrinkling are:
i) The film deformation is no longer described by a spherical cap or by any other 
of the axisymmetric shape models that have been used to analyse bulge test 
data and determine biaxial modulus. It is difficult to quantify the influence 
of progressive smoothing as pressure is applied.
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ii) The initial height of the bulge test sample is not well known. The effects of 
this on the calculated stress-strain curve involve both apparent non-linearity 
and)a large increase in calculated film modulus. If the modulus enhancements 
are an artifact caused by wrinkling then the peak in the modulus should 
correspond to a peak in the compressive stress that induces film buckling. 
This effect has been seen by Baker et a l ,  (1990) in the Au-Ni multilayer 
system.
Clearly, it is necessary to test initially flat unwrinkled films in order to ensure that 
the modulus being measured using the bulge tester is representative of the material. 
Small et a l , (1994) proposed a method to get around this problem. They deposited 
the film onto a flat thin film membrane of known deformation behaviour. The 
deposited film and the membrane were then tested together and the mechanical 
properties of the sample film were extracted from the deformation behaviour of the 
composite.
The initial claim for the "supermodulus" effect by workers including Yang et a l ,  
(1977) and Tsakalakos and Hilliard (1983), is now no longer considered correct 
although variations involving both enhancements and reductions of between 10-50%  
appear to be common (Cammarata 1995).
2.5.1.1 Explanations of the " supermodulus " effect
There are two categories of theories, which have been postulated to account for the 
"supermodulus" effect (Chou et a l , 1992A). These are based on both structural and 
electronic considerations:
i) Structural Considerations
It has been suggested that large coherency strains caused by in plane mismatch among 
the constituent layers are the source of the anomaly, when coherent interfaces are
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present (Jankowski 1988, Jankowski and Tsakalakos 1985). Cammarata and 
Sieradzki (1989) suggested that the large elastic biaxial strains generated by 
compressive interfacial stresses in incoherent films may result in elastic anomalies. 
Interface stresses have also been invoked to explain the modulus variations. The 
interfacial stresses in multilayered films result in elastic strains in the material of 
magnitude 1 % when the bilayer period is reduced to about 2-5nm. These strains are 
considered large enough to induce higher order elastic effects that are manifested as 
modulus variations,
ii) Electronic Considerations
It has been suggested that the periodicity introduced by artificial layering modifies the 
electronic band structure, causing interaction between the Fermi surface of the metal 
and the Brillouin zone boundary created by composition modulation, which in turn 
leads to the modifications in the elastic properties. It has been proposed that 
’supermodulus’ effect in the Cu-Au, Cu-Pd and Cu-Ni systems, occurs at wavelengths 
where it would be expected that the new zone would contact the Fermi surface along 
the [111] (Henein and Hilliard 1983, Pickett 1982 and Wu 1982). It has also been 
suggested that the modulus enhancement might arise from changes in the electronic 
structure due to the formation of a large number of interfaces since the electronic 
properties of a solid interface are quite different to those of the bulk material (Wolf 
and Jaszczak 1992).
Modelling work by Baneqea and Smith (1987), Huberman and Grimsditch (1989), 
Cammarata (1986) and Bauman et al., (1987), have contradicted both categories of 
theory described above.
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2.5.2 Hardness and Strength
2.5.2.1 Theoretical aspects of hardness and strength properties
Unlike the controversial evidence in the investigations of the elastic properties of 
metallic multilayers, most of the studies on their plastic properties have reported 
significant enhancements in the strength and hardness of multilayered systems.
A refined grain structure leads to an increase in the yield strength of the material. 
The effect of grain boundaries as obstacles to dislocation movement is reflected in the 
Hall-Petch relation between grain size and yield strength (Hall 1951, Petch 1953).
a = Q  + k , d ^o h
where d is the grain size, a is the 0 .2 % yield strength (or hardness), is the lattice 
friction stress to move individual dislocations, n is the grain size exponent and k  ^is 
a constant called the Hall-Petch intensity parameter.
From this relation it follows that nanocrystalline materials are expected to show a 
much higher yield strength than coarse grained material of the same composition. 
However, there are limitations with this equation. The strength value cannot increase 
indefinitely beyond tlie material’s theoretical strength limit. The very fine grain sizes 
may result in some relaxation at the grain boundaries resulting in an inverse Hall- 
Petch relationship at some critical grain size (Weertman 1991). Attempts have been 
made to explain this anomalous behaviour and many of these theories were 
summarised in Suryanarayana (1995). Nieh and Wadsworth (1991) proposed that 
there exists a critical grain size at which the deformation mechanism changes from 
dislocation motion to another such as viscous flow or grain boundary sliding.
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Suryanarayana (1995) suggested that the explanation may lie in the increased triple 
junction volume fraction in nanocrystalline materials.
Carsley et al., (1995) presented a simple model for the grain size dépendance of the 
strength of nanophase metals, which was then compared to data in the literature. 
Their model considers the metal to consist of two phases, a crystalline bulk phase and 
a disordered grain boundary phase. Research on nanophase thin films suggests that 
dislocation activity is not apparent as the grain size drops below 25nm. Since the 
Hall-Petch relationship is based on intergranular dislocation activity, the theoretical 
shear strength was thought by Carsley et al. , (1995) to give a better approximation. 
As a first approximation the strength of the bulk phase was described using the Hall- 
Petch relationship. The flow stress of the grain boundary phase is not known, since 
it is impossible to produce and mechanically test a grain boundary specimen. Carsley 
et a l,  (1995) assumed that the grain boundary strength was related to the strength of 
the amorphous metal, due to the relatively disordered nature of the boundary. Thus 
the strength of the boundary phase was equated with the theoretical strength of the 
metallic glass. Their model was able to predict the critical aspects of the strength vs 
grain size regime below lOnm for Ni, Fe and Cu (See fig 2.4 (a), (b) and (c)).
In 1970 Koehler proposed a ’strong solid’, which comprised of a laminated structure 
prepared by epitaxial growth, consisting of alternate crystal layers of A and B. His 
model did not take into account the high imperfection content in the laminate layers. 
Instead he assumed that the mechanical properties of the layers were the same as 
those of annealed bulk materials. He chose materials A and B such that :
i) The lattice parameters at the operating temperature were nearly equal (A and 
B were not required to have the same crystal structure), so that epitaxial 
growth occurred without large strains being present at the interface.
ii) The thermal expansion coefficients were as close to each other as possible so 
that the lattice fit was not destroyed as the temperature was changed.
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Fig 2.4 Hardness versus grain size for (a) Ni, (b) Fe and (c) Cu:
a) Nickel
Carsley et al., (1995), □  El Sherik et al., (1992), O Hughes et al., (1986)
b) Iron
  Carsley et al., (1995), O *Jang and Koch (1990)
c) Copper
  Carsley et al., (1995), □  Fougere et al., (1992), O Chokshi et al., (1989)
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iii) The elastic constants differed from each other as much as possible.
iv) Bonding between materials A and B was as strong as possible.
v) The thicknesses of the A and B layers were small so that dislocation
generation would not occur inside the A layer i.e. A was less than 100 I
atom layers thick. The B layer was also of the same thickness since, if it
were thicker, the dislocations generated in B could pile up in A and produce 
the necessary stress concentrations.
For metals A and B with the above properties, a resistance to plastic deformation and j
brittle fracture well in excess of that for a homogeneous alloy was predicted. If the |
dislocation line energies in the two metals were so mismatched then the termination 
of the dislocation motion in metal B would be energetically favoured over dislocation 
propagation across the layer interface into metal A. In the case of thick layers the 
dislocation generated in either of the layers would pile up in B at the A-B interface 
and thereby provide the stress concentrations needed for premature yield. Hence to 
suppress the generation of new dislocations in the layers, the thicknesses of A and B 
were required to be small.
2.S.2.2 Experimental aspects of hardness and strength properties
Experimental results suggest that anomalously high hardnesses are achieved in 
multilayered systems especially when the layer thickness approaches nm. Some of 
this can be explained by dislocation dynamics and the Hall-Petch theory. However, 
in cases where anomalous hardnesses exist, be they smaller or larger than theory 
predicts, questions must be raised about the microstructure of the system i.e. whether 
the interface between the layers is sharp, the degree of alloying at the interface region 
and the form and extent of imperfections in the laminate, all of which will have a 
dramatic effect on the hardness of the multilayer.
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A Strength maximum in microlaminates is expected to occur at a specific bilayer 
thickness. As this thickness is decreased a point is reached at which each individual 
layer will not be able to support more than one dislocation and at this point the 
strength can no longer increase by the Hall-Petch mechanism. Bunshah et al., (1980) 
and Sans et ah, (1983) studied various metal-metal and metal-ceramic systems and 
found many of these systems exhibited strength maxima at bilayer thicknesses of 
approximately 0.5-1/^m (fig 2.5(a)).
Anomalously high hardnesses have been reported for Nb/Ta and Mo/V (Doerner and 
Nix 1987). Helmersson et al., (1987) also observed that the hardness of TiN-VN 
multilayers of 2 nm wavelength was higher than that for larger wavelengths or in thin 
films of the individual compounds. The layer thicknesses varied from 0,75-16nm. 
The interfaces were found to be coherent and there was no evidence of misfit 
dislocations. The primary defects observed were dislocation loops with a diameter 
8 -lOnm extending through various layers.
Yoshii et ah, (1984) studied Ni/Cu (001) Ni multilayers with layer thicknesses of 50- 
5000nm. These triple layers showed yield stresses, which were 2.5-5 times higher 
than for Ni or Cu single crystals and were also higher than the values given by the 
rule of mixtures. The increase appeared to be independent of layer thickness. 
Lehoczky (1978A) obtained experimental results for the layer thickness dependence 
of the tensile properties of Al-Cu laminates prepared by vapour deposition. Below 
the critical thickness of 70nm for this system the results were in good agreement with 
Koehler’s prediction (Koehler 1970). The stress-strain characteristics at 298K were 
measured for laminates having total thicknesses of 1 and 2 mm and layer thicknesses 
ranging from 20-1000nm. For layer thicknesses <  70nm the yield stress of the 
laminate was 4.2 times larger and the tensile fracture stress 2.4 to 3.4 times larger 
than the values given by the rule of mixtures for A1 and Cu.
Tench and White (1984) studied electrodeposited Ni/Cu multilayers, which also
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Fig. 2.5:
(a) tensile strength as a function of laminae thickness in Fe-Cu for test temperatures 
o f 298K (curve 1) and 213K (curve 2 ).
(b) % elongation as a function of laminae thickness in Fe-Cu at a test temperature of 
873K for curves 1-4 for strain 'rates of 0.005min-l, O.Olmin-1, 0.05min'^ and 
0 . lmin‘^  respectively
(c) microhardness as a function of a Fe-Cu laminae thickness.
(after Bunshah er 1980)
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exhibited increasing tensile strengths with decreasing layer thicknesses down to 
0.4n m, the smallest dimension which they experimented on.
2.5.4 Magnetic Properties
Magnetic superlattices, involving at least one magnetic component, are at present the 
most extensively studied type of metallic multilayer. Schuller et ah, (1979) worked 
on the magnetic properties of Cu-Ni foil. The foils were prepared by evaporating 
high purity sources onto heated mica substrates with the final deposit being 1 -2 /tm 
thick and the composition modulation between 0.8-8nm. Homogeneous Cu-Ni foils 
of the composition studied were not ferromagnetic. However, with a composition 
modulation of 3nm (41 atomic % Ni), the saturation magnetization was strongly 
temperature dependant (unlike pure Ni) and at 120K the magnetization was higher 
than for pure Ni. When the amplitude of modulation was decreased by annealing, the 
magnetisation decreased and eventually became zero as one would expect from an 
alloy of this bulk composition.
Enhancements of magnetoresistance and Kerr-effect have been reported in a wide 
variety of systems. Particular interest has focused on magneto-optical properties 
(Bader and Li 1996) and future applications include possibilities for high density 
magneto-optical recording media operating with blue lasers (Tsunshima 1996).
2.6 STABILISATION OF UNUSUAL CRYSTALLOGRAPHIC PHASES IN 
MULTILAYERED MATERIALS
There have been a number of reports of metallic multilayers stabilising unusual 
crystallographic phases at small compositionally modulated wavelengths (CMW).
Lowe and Geballe (1984) produced Nb-Zr multilayers by magnetron sputtering onto
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room temperature sapphire substrates with (1-12) orientations. The multilayers 
produced ranged from 4-200Â in thickness. X-ray diffraction was used to show that 
at >31Â layer thickness the Nb deposited as b.c.c. with [110] parallel to the growth 
direction and Zr deposited as h.c.p with [002] parallel to the growth direction. 
However at layer thicknesses <31Â the Zr deposited as b.c.c., coherent with the Nb 
lattice.
Li et û/.,(1993) studied the dependence of the microstructure of Pt/Co multilayers on 
Co thickness. The multilayers were dc magnetron sputtered in Ne, Ar, Kr or Xe gas 
at pressures <  IPa. By using selected area electron diffraction (SAED) and two 
dimensional lattice imaging they found that for Pt/Co multilayers with the Co layer 
thickness in the range 3.5-6Â the Co displayed an f.c.c. structure with a lattice 
spacing of 2.2Â. Lamelas et a l,  (1989) produced Co/Cu multilayers by MBE onto 
an annealed GaAs (110) substrate heated to 323K. The Co thicknesses varied from 
5-40Â (accurate to +/-10% , measured by manually closing shutters at fixed 
intervals). The total superlattice thickness was 1500Â. X-ray diffuse scattering scans 
revealed metastable f.c.c. stacking of Co. They considered the d-band occupation, 
which takes place across the periodic table, resulting in the structural transitions from 
b.c.c.-h.c.p-f.c.c. for Fe/Co/Ni respectively. From this they proposed that the 
crystallographic transitions may be accounted for by structural energy differences in 
the d band. They also considered that the presence of large elastic strains (1-1.3%) 
in the multilayer might favour the formation of f.c.c. Co.
2.7 TITANIUM ALUMINIDES
Pure Ti has two forms: a at temperatures T<1155.5K, with a h.c.p structure 
(a=2.95Â , c=4.683Â); and jS at temperatures T >  1155.5K, with a b.c.c. structure 
(a=3.313Â) (Clark 1949). Alloy additions such as O and A1 can raise the transus
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temperature and as such are known as cx stabilisers.
Intermetallic compounds can be defined as an ordered alloy phase formed between 
two metallic elements, where an alloy phase is ordered if two or more sublattices are 
required to describe its atomic structure (Fleischer et a l ,  1989). The ordered 
structure exhibits attractive elevated temperature properties (strength, stiffness etc.) 
because of tlie long range ordered superlattice, which reduces dislocation mobility and 
diffusion processes at elevated temperatures. However, this reduced dislocation 
movement will generally result in extremely low ambient-temperature fracture related 
properties including ductility and fracture toughness (Froes et a l,  1992).
The titanium aluminides, based on Ti^Al (where x = l  or 3), with their attractive 
elevated temperature properties and low densities are candidate materials for both 
engine and airframe applications. Much research has focused on trying to minimise 
this brittleness whilst retaining their high temperature capabilities (Froes et a l,  1992). 
Fig. 2.6 shows the latest accepted binary Ti-Al phase diagram (Shao 1995). This 
includes the Ti^Al (a^), TiAl (7 ), TiAl^ (ô) and TiAl^ intermediate phases as well as 
the a-Ti, j6 -Ti and ct-Al terminal solid solutions.
Ti^Al, known as the phase has the ordered hexagonal structure with
a=5.782À and c=4.629Â (Blackburn 1967). TiAl, known as the 7  phase, has a Ll^ 
tetragonal ordered structure up to just below the melting point (Dagerhamn 1969). 
The compound TiAl^ is a tetragonal HfGa^ type structure with a=3.976Â and c = 6  
X 4.06Â (Putzschke and Schubert 1962). The line compound Al^Ti, the b phase, has 
the DO22 (tetragonal) superlattice with c/a =  2.235. The superlattice is derived 
from the Ll^ structure by the introduction of an antiphase boundary with a 
1/2 <  110 >  displacement vector on every (001) plane (Loo and Rieck 1973).
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Fig. 2.6 Ti/Al Phase Diagram (after Shao 1995).
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2,7.1 Ti/AI Based Multilayers
To the author’s knowledge Ahuja and Frazer (1994A-C) and the group of 
Schechtman, Josell, and Van Heerden (1994) are the only workers who studied the 
as deposited microstructures of Ti/Al nanolayers prior to the research reported in this 
thesis.
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Ahuja and Frazer (1994A) produced their nanolayers by UHV magnetron sputtering 
and microstructural characterisation was carried out using TEM. They found that at 
large compositionally modulated wavelengths (CMW) the Ti and A1 layers existed in 
their stable room temperature crystal structures, which are h.c.p and f.c.c. 
respectively. Decreasing the CMW to 9.8 nm they found Ti depositing as f.c.c,, 
incoherent with the A1 layers. Upon further reduction of the CMW to 5.2 nm both 
Ti and A1 deposited as h.c.p. At no stage did they observe any intermetallic 
formation at the interfaces, although EELS did show the presence of Ti in the A1 
layer, which they attributed to sample preparation.
The work of the group of Schechtman, Josell, and Van Heerden (1994) has 
concentrated on finding f.c.c. Ti in Ti/Al and Ti/Ni multilayers. The nanolayers 
were deposited onto glass slides using vapour deposition under high vacuum (typically 
10'^ Pa). No intermetallic formation was reported. The thermal stability of the 
deposits was not evaluated.
Hardwick and Cordi (1990) used physical vapour deposition to produce layered 
composite sheet material in which the matrix was the intermetallic compound TiAl. 
They were able to produce crystalline deposits of microlayered gamma TiAl using 
electron beam evaporation (EBE) coupled with a pulsed gas process using nitrogen 
gas. The substrate temperature necessary to give crystalline deposits was 673K.
2.7.2 Formation of f.c.c. Ti in multi-layered systems
At equilibrium, bulk Ti has a low temperature h.c.p structure, which transforms to 
b.c.c. at 1155K (see section 2.7.1). Wawner and Lawless (1969) reported that Ti had 
a f.c.c. structure in thin films deposited on NaCl single crystals. Saleh et a l,  (1994) 
reported the formation of ultrathin metastable f.c.c. Ti films (first 5 monolayers) on 
A1 (110) surfaces. Zheng et a l ,  (1982) produced Ag-Ti multilayers with a CMW of
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1.9nm by electron-beam evaporation onto mica substrates at 359K. X-ray diffraction 
showed both Ti and Ag having f.c.c. structures. F.c.c. Ti in nanolayered structures 
has also been reported by Ahuja and Fraser (1994A) and Jankowski and Wall (1994).
Ahuja and Fraser (1994A) studied Ti/Al multilayers produced by magnetron 
sputtering and observed f.c.c. Ti with a lattice parameter of 0.43nm. The evidence 
for f.c.c. Ti was gathered from indexing electron diffraction patterns and HREM 
images. No x-ray diffraction data on bulk layered material was presented. Also no 
evidence was provided about the level of interstitials in their multilayers. The 
presence of a f.c.c. phase is reported for different Ti compound forms. Table 2.2 
summarises the possible phases, which could be mistaken for f.c.c. Ti.
Table 2.2 Possible ’f.c .c .’ Ti phases?
COMPOUND a (nm)
TiN 0.424
Ti^N 0.414
TiO 0.418
T i,0 0.296
Ti^AlN 0.299
Ti,AlN 0.411
Ti,Al,% 0.299
TiAlN^ 0.419
T ie 0.433
Jankowski and Wall (1994) claimed that Ti deposited with a f.c.c. structure in Ni/Ti 
multilayers and in thin films deposited on Ni single crystals. They supported their 
claim with electron diffraction patterns, HREM images and XRD results reporting a
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lattice parameter of 0,44 nm for f.c.c. Ti. They addressed the possibility of 
interstitials stabilising a Ti f.c.c. phase by performing Auger compositional analysis 
and eliminated both the oxide and nitride as being present. The lattice parameter 
reported for the C l hydride (Numakura and Koiwa 1984) is 0.440nm, which is close 
to that reported for the f.c.c. Ti phase. Jankowski and Wall (1994) deposited pure 
Ti onto a non-epitaxial substrate i.e. the native oxide covering Si (111), and found 
no indication of a f.c.c. Ti phase. From this they deduced that the nickel substrate 
was necessary for f.c.c. Ti to form. They attributed the existence of the f.c.c. Ti 
phase to its epitaxial growth on Ni, an f.c.c. material with which Ti has a strong 
chemical affinity.
Leifer et a/. ,(1994) produced Ti/Ni multilayers with 5nm thick repeat units by 
magnetron sputtering. Stacking was initially planar but as the number of layers were 
increased undulations in the amplitude were observed. This was reduced by growing 
under low Ar pressures. In all the multilayers Ni grew with an f.c.c. structure. In 
some layers Ti exhibited the pattern of < 1 1 0 >  zone axis of the tetragonally 
distorted f.c.c. structure with respect to interplanar angles and spacings. XRD plots 
for untreated layers showed Ti to be h.c.p.. Thus, the authors concluded that this 
indicated a phase change from h.c.p, to f.c.c. during the thinning of Ti. At Ni layer 
thicknesses of 5nm there was a distortion of the Ni lattice by 1%. At 20nm layer 
thickness the lattice parameter of Ni approached the bulk lattice parameter.
Schechtman et ah, (1994) studied the structure of Ti in TiAl multilayers. Their 
multilayers were vapour deposited onto glass slides. The microstructures were 
characterised using cross-sectional TEM with both cryo-cooled ion beam thinned and 
non cryo-cooled electropolished samples. They also performed XRD to confirm that 
bulk structures agreed with TEM structures. XRD spectra were acquired with the 
substrate rotated relative to the substrate normal (offset). These offset angles were 
chosen in order to maximise specific f.c.c. reflections. These spectra were all 
indexed back to f.c.c. A1 and h.c.p Ti. From these and their TEM examination they
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concluded that Ti had a h.c.p structure when deposited in a Al/Ti multilayer form, 
which on cross-sectional ion-beam thinning transformed via a martensitic type 
transformation to f.c.c. Ti.
2.7.2.1 Explanations for the formation of f.c.c. titanium in multilayered 
structures
In the Ti/Al multilayer systems, where the formation of f.c.c. Ti was reported, the 
mismatch between the in-plane spacings of the close packed planes increased from 
1.54% to 4.34% on transformation of the Ti from h.c.p. to f.c.c.. Thus the 
formation of f.c.c. Ti was accompanied by an increase of the elastic strain energy of 
the multilayered system (Jankowski and Wall 1994). The hexagonal close packed 
structure has a characteristic ABABAB planar stacking sequence whereas the f.c.c. 
structure has an ABCABC sequence. The phase transformation between the close 
packed structures of h.c.p. to f.c.c. could be readily accomplished by the inclusion 
of a stacking fault on every alternative close packed plane.
If  the (0002) planes were to stack as (111) and retain the same relative interplanar 
spacing then the lattice parameter for the cubic system would be 0.4054nm. This is 
within 8% of the figure of 0.44nm quoted by Jankowski and Wall (1994). The unit 
cell volume of h.c.p Ti is 0.866a^c =  3.527nm^ with 2 atoms yielding 1 
atom/1.76nm^. The unit cell volume of f.c.c. Ti is a^  — 8.518 nm^ with 4 atoms 
yielding 1 atom/2.12nm^. Thus the f.c.c. Ti structure is 17% less dense than the 
h.c.p. Ti structure, suggesting the metastable formation of a less dense structure.
An explanation for the stability of f.c.c. Ti in Al/Ti multilayers has been proposed 
by Ahuja and Frazer (1994A). On the basis of a model by Redfield and Zangwill 
(1986), in which the potential of a stacking fault is calculated as a function of the 
distance from a given interface in a bicrystal of two dissimilar metals, they argued 
that depending on film thickness it is possible for the chemical potential of stacking
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faults to adopt a negative value such that the insertion of such defects into the Ti 
h.c.p. phase would be energetically favourable. However, this model is unable to 
account for the observation of f.c.c. Ti in large 90nm-750nm multilayers, as reported 
by Van Heerden et al., (1996).
Van Heerden et al., (1996) examined the driving force behind f.c.c. Ti formation. 
In the group’s previous work, Schechtman et al., (1994) had concluded that f.c.c. Ti 
appeared as a result of cross-sectional ion beam thinning. The potential driving 
forces examined included the change in interfacial free energy, the change in elastic 
strain energy and the change in surface free energy assuming a difference in bulk free 
energy of 0.08eV/atom (Paxton et ah, 1990). It was shown that none of these terms 
could account for the formation of f.c.c. Ti. From this they concluded that the bulk 
free energy term used in the calculation was inaccurate.
2.8 PHYSICAL VAPOUR DEPOSITION (PVD)
PVD is a non-equilibrium process, with the potential for producing material 
containing metastable phases, extending the solid solubility of solutes and depositing 
alloys which cannot be made by using traditional ingot metallurgy. By using PVD 
with either electron beam or thermal heating, rapid deposition occurs, at rates as high 
as 0.25mm/hour. In this way the deposition of bulk ’thick film’ is made more 
commercially viable.
PVD was originally defined as the deposition of a solid material onto a substrate such 
as a metal. The process does not involve chemical reactions in the gas phase, which 
is the basis of CVD (Bunshah 1982). PVD technology has now developed into an 
extremely versatile process. Bunshah (1982) highlighted the PVD process as being 
a non-equilibrium process by which any coating may be deposited onto virtually any 
substrate. Thus the PVD process encompasses the techniques of evaporation, ion 
plating and sputtering of virtually any type of material.
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Deposition is envisaged to take place according to the following steps:
i) Synthesis of material to be deposited
ii) Transport of the vapours between the source and substrate
iii) Condensation of vapours followed by film nucléation and growth.
These steps can be individually controlled, which gives PVD an advantage over CVD. 
There are also some other advantages of PVD over competitive processes such as 
electrodeposition, CVD and plasma spray. These are:
i) Extreme versatility in deposit composition.
ii) Ability to vary the substrate temperature from sub-zero to high temperatures.
iii) Ability to produce coatings of self supported shapes at high deposition rates.
iv) Very high purity of deposits.
v) Excellent bonding to the substrate.
vi) Excellent surface finish, thus minimising post deposition processing.
PVD includes evaporation, sputtering, bias sputtering and ion plating. Sputtering is 
slower than evaporation but is justified if the substrate will not tolerate much heating. 
There are several ways to generate the positive gas ions necessary for sputtering. 
Use of glow discharge produces ionised gas by setting a high potential between two 
flat parallel electrodes in a low pressure gas. The positive ions of the ionised gas 
bombard the target (usually a cathode) knocking out the atoms deposited on substrates 
mounted on the anodes. The velocities and energies of sputtered atoms are much 
higher than evaporated atoms. Sputtering also allows easier contiol of alloy 
composition and deposition.
The ion plating process vaporizes the material in a fashion similar to evaporation, but 
tlie vapour passes through a glow discharge on its way to the substrates. In the glow 
discharge, some of the vaporized atoms are ionized. This process produces 
reasonably uniform deposition of all the surfaces due to gas scattering in high gas 
pressure. Ion plating is preferred for systems where very good adhesion is required.
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The evaporation process was originally done in vacuum. Later variations in the 
atmosphere by introducing plasmas and reactive gases gave rise to the different 
evaporation processes. In all cases the chamber housing the components is evacuated 
down to about 10'  ^Pa. This is then followed by the introduction of any gas required, 
usually at low pressures between 10'  ^ and 100 Pa. The vacuum pumping system is 
usually based on a diffusion pump, which is backed by a mechanical pump. For high 
purity coatings an ion pump is often used. The mode of heating used to convert the 
solid or liquid évaporant to the vapour phase classifies the evaporation source.
Resistance Heated Sources
The simplest and cheapest are resistance heated wires and metal foils of metals such 
as W, Mo and Ta with low vapour pressures so as not to contaminate the deposit. 
There is considerable variation in the rate of evaporation from such sources due to 
localised conditions of temperature variation, wetting and hot spots. This can result 
in deposits of uneven thickness and composition.
Radiation Heated Sources
Reactive évaporants are held in oxide crucibles. Wire coil heaters wrapped around 
the crucible are used to heat the crucibles.
Induction Heated Sources
Oxide or BN-TiB^ crucibles can be induction heated. Water cooled RF coils of the 
appropriate power allow manipulation of the hot zone and the temperature.
Electron Beam Heated Sources
The electrons from an electron beam gun are directed to the évaporant, which 
eliminates the problem of crucible contamination. Electron beam heating has the 
advantage of a high power density, thus enabling good control over evaporation rates, 
which is an advantage over tliermally evaporated sources. The two main types of EB- 
gun are those using electrons from a hot filament and those using electrons generated 
with a plasma.
i) Thermionic gun - The system consists of a hot filament cathode, which 
emits electrons and an anode with a potential difference of between 10-40kV.
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ii) Plasma Electron Beam Gun - A glow discharge plasma contains a relatively 
low pressure and low temperature gas in which a degree of ionization is 
sustained by the presence of energetic electrons. When an electric field is 
applied to an ionized gas, energy is transferred more rapidly to the electrons 
than to the ions and the electrons can be extracted from the plasma to obtain 
an energy beam.
Other heating sources include broad beam ion sources, arc sources and laser beam 
sources.
In the evaporation and deposition of multi-element coatings the relationship between 
the compositions of the starting ingot, the molten evaporation "source" or pool and 
the vapour cloud is a complex one. The composition of the material being fed into 
the source is identical under the equilibrium conditions, which are rapidly attained. 
The composition of the vapour pool is a function of the relative vapour pressures of 
the elements e.g. for a nominal Co-21 Cr-11 Al-0.3Y coating the actual composition 
has been determined to be Co-4Cr-6Al-20Y (Hainan and Lee 1983). Because of the 
chemical interactions in the molten pool and the temperature gradients, variations in 
distribution of the elements are found in the vapour cloud as well. These factors have 
to be taken into account when choosing the specification for the starting ingot.
Ideally the substrate must be prepared by degreasing and grit blasting prior to 
deposition to decrease the risk of contamination. Any contamination could seriously 
effect the quality of the deposit with the potential initiation of many growth defects. 
Small imperfections are not covered up and incorporated as they are in many other 
processes but can result in a growth defect which is magnified through the coating 
thickness. Elements such as Ti and A1 form oxides extremely easily and if there are 
excessive oxide layers and contamination this will lead to non-adherent coatings.
Fig 2.7 shows a schematic of the line of sight type deposition profile characteristic
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Fig. 2.7 The flux profile from an electron beam evaporator source (after Bunshah 
1982).
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of PVD deposits. The deposit thickness is greater directly above the centre line of the 
source and decreases away from it. This problem can be partially overcome by 
rotating the substrate holder (Bunshah 1982). In the case of films deposited by 
evaporation techniques the main variables are:
i) The nature of the substrate
ii) The temperature of the substrate during deposition
iii) The rate of deposition
iv) The deposit thickness
2.8.1 Microstructural evolution and tensile properties
In PVD the atomic flux (or equivalently the deposition rate), the flux incidence angle, 
the incident atom kinetic energy and the substrate temperature can all be 
independently varied. Since these parameters govern the kinetic phenomena involved 
in the build up of the deposits, many options are available for controlling the 
morphology and microstructure of the deposit during PVD manufacture. These many 
variables make it difficult to identify the conditions that result in acceptable 
morphologies and/or microstructures. One theory about the deposit formation is that 
the deposit itself does not start out as a continuous film one monolayer thick. Instead 
three dimensional nuclei are formed on favoured sites on the substrate (Bunshah 
1982). Nakahara et a l ,  (1980) used TEM to study the microstructure of thin Cu-Ni 
laminates obtained by successive evaporation. Thin 97-500Â alternate layers of Cu 
and Ni were deposited up to a total thickness of 4(xm on various substrates. TEM 
examination revealed that the films grew mainly epitaxially in a layer form rather 
than as three dimensional islands.
Movchan and Demchishin (1969) examined the influence of substrate temperature T 
on the structure of thick (25-2030jnm) coatings of Ni, Ti, W, Al^O  ^ and ZrO^ 
deposited at high rates (12,000-180,000 À/min) by electron beam evaporation. They 
concluded that the general features of the structure could be classified into three zones
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depending on the homologous temperature T/T^, where is the coating material 
melting point (K). The zones were described as:
Zone 1 T/T^^< 0.25-0.3 zone consisting of tapered crystallites with domed tops,
which increase in width with temperature.
Zone 2 0.25-0.3 <  T/T^ <  0.45 zone consisting of columnar grains with a
smooth matt surface.
Zone 3 T/T^ >  0.45 zone consisting of equiaxed grains with a bright surface.
Thornton (1974) extended this work to include sputtering by adding a third co­
ordinate to account for die influence of working gas pressure. Three departures from 
the Movchan-Demchishin model were noted by Thornton (fig 2.8):
1) A transition Zone T consisting of densely packed fibrous grains between zones
1 and 2, particularly at low Ar pressures.
ii) The Zone 2 columnar grains tended to be faceted.
iii) Zone 3 equiaxed grains were not observed.
Thornton (1975) suggested that the T/T^  ^dependence of the structure was determined 
largely by the interplay of three mechanisms: shadowing, adatom diffusion and 
surface and volume recrystallisation and grain growth.
Thornton (1975) observed that in Zone 1 the structure was dominated by open 
boundaries. He noted that for high T^  ^ materials the size of the microstructure was 
generally less than that of the macrostructure and as such was pinned by it. For low 
T^ materials he proposed that surface recrystallisation could cause the Zone 1 grains 
to be single crystals. Zone T appeared to occur when a temperature range existed 
where adatom diffusion was sufficient to overcome substrate and nucléation 
roughness.
In Zone 2 adatom diffusion was deemed to be sufficient so that open boundaries 
resulted primarily from surface faceting and extreme substrate roughness. Thornton
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Fig. 2.8 Microstructure of thick PVD deposits related to collector temperature and 
Argon partial pressure (after Thornton 1977).
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believed that impurities played a role in stabilising open boundaries. At T /T ^»0 .7  
the adatom diffusion was sufficient to largely overcome shadowing, and the structure 
appeared to be determined by surface recrystallisation and the preferential growth of 
favourably orientated crystal faces. At T /T ^«0 .9  the combination of high 
temperature and grain boundary character, caused recrystallisation and grain growth 
to yield large, oriented grains which approached their maximum theoretical size 
(Gangulee 1974). In section 2.2 we show that classical arguments can predict 
structures at the early stages of the nucléation and growth of epitaxial films. The 
empirical structure zone model of Movchan, Demchishin and Thornton (SZM model) 
described above shows the dependence of microstructure on temperature. Lately
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attempts have been made to model the build up of deposits and in particular to predict 
the microstructures of the deposits as functions of substrate temperatures, deposition 
rates, incidence angle, adatom kinetic energy, substrate geometry and material 
properties. These models can be divided in two groups. Those based on Molecular 
Dynamics and on Monte Carlo methods. Both methods have their advantages and 
disadvantages and the reader is referred to the recent papers of Yang et a l ,  (1997) 
and Zhou et a l ,  (1997) for reviews of the characteristics of each method of 
calculation.
The Monte Carlo simulations have demonstrated the transistion from a porous 
columnar structure to a fully dense columnar structure in a way that agrees with the 
SZM model. The transition is found to occur at a higher temperature as the 
deposition rate increases. Also the width of the columns in the simulated 
microstructures correlates reasonably well with grain size.
Molecular Dynamics simulations have shown that the vacancy concentration decreases 
with substrate temperature and incident energy and increases with incident angle and 
that for a fixed substrate temperature and incident energy, there exists a critical 
incidence angle above which large voids start to form due to a shadowing effect. 
Increasing the substrate temperature and incident adatom energy or decreasing the 
incident angle promotes the Frank Van de Merwe growth mode, while the reverse 
promotes the Volmer Weber growth mode.
Movchan and Demchishin (1969) studied the tensile properties and microhardness of 
Ni, Ti and W condensates produced at various deposition temperatures. No tensile 
tests were performed on ^ecimens deposited in zone 1. Tests on specimens deposited 
in zone 2 showed high strength and low ductility at low deposition temperatures. The 
strength decreased and the ductility increased with increasing deposition temperature. 
The strength and ductility values of specimen in zone 3 showed approximately the 
same results as for specimens produced from wrought material. The microhardness
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decreased with increasing deposition temperature.
2.9 CONCLUDING COMMENTS
The majority of work on Ti/Al multilayers has concentrated on producing thin (sub 
micron) coatings. A wide variety of deposition methods such as MBE, CVD and 
PVD have been used to fabricate the laminates. The advantage of high rate PVD, 
which is the preferred method adopted in this thesis, is that controlled "thick" 
laminates can be made in commercially acceptable times. No other group have used 
this technique to make thick Ti/Al laminates.
Results gathered from thin film research have produced interesting and sometimes 
controversial results in the areas of modulus variation, anomalous hardnesses, 
presence of unusual or metastable phases and diffusion data. Probing these hidden 
interfaces within the laminates to establish phase selection has been widely studied 
though few groups relate physical properties to microstructural characterisation. Work 
on assessing modulus changes in nanolaminates has depended on techniques such as 
bulge testing which are open to questions relating to their reproducibility and 
accuracy. Clearly there is a need to assess these parameters by using full scale 
standard mechanical tests. This is clearly impossible when depositing thin films 
samples.
In the area of Ti/Al multilayers the existence of a f.c.c. phase has been reported. 
The origin of this phase is under discussion, with some research groups believing it 
is a function of the deposition process and others believing it is a function of the 
cryo-ion beam thinning of TEM samples.
Thermal stability of laminates has been studied and it is clear that diffusional 
processes in these laminates, which have high concentration gradients, large residual 
stresses and unusual phases cannot be described using classical bulk diffusion data.
2.44
CHAPTER 3
EXPERIMENTAL PROCEDURE
3.1 METHOD OF LAMINATE PRODUCTION
3.1.1 Introduction
The laminate materials studied in this thesis were produced by Physical Vapour 
Deposition (PVD), using either thermal evaporation or electron beam evaporation. 
These two techniques are described in sections 3.1.2 and 3.1.3.
The production of the laminates was carried out at the Structural Materials Centre 
(SMC) Defence and Evaluation Research Agency (DERA) Farnborough where the 
PVD apparatus was situated. Material and process optimisation were both 
accompanied by continuous improvement of the modern PVD apparatus and were 
guided by the results of the microstructural characterisation of the laminates.
It should be noted that this thesis describes the first ever attempt to produce Ti/Al 
nano/microlaminates in the UK. Production of Ti/Al laminates was eventually 
achieved through a trial and error process of optimising material composition and 
involved the production of Al/Ti-6A1-4V laminates in the early stages. For 
comparison purposes the research described in this thesis also used some of the A1 
rich laminates, which contained thin layers of Ti, produced as part of an earlier Royal
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Aircraft Establishment (RAE) programme on the development of advanced materials. 
Details of the processing of these early laminates are given, when available, in the 
next chapter.
The material designation code used in this thesis is the same as the one used at SMC. 
The early laminates were given the designation code RC and those produced as part 
of this thesis were given the code EBRC where EB stands for electron beam (see 
section 3.1.3).
3.1.2 Thermal Evaporation
Preliminary work using thermal evaporation was done in the early 1980’s by 
Bickerdike et al., (1984) to produce thick A1 alloy deposits with layered 
microstructures. One of the series of binary alloys produced contained Ti with layer 
thicknesses of 0.1 to 21nm. The A1 thicknesses varied from 20 to 1600nm. The aim 
of the programme was to investigate the non-equilibrium vapour quenching route in 
order to produce novel A1 microstructures in a form suitable for use in the aerospace 
industry.
The thin Ti layers promoted renucleation of A1 grains to help produce a non-porous 
microstructure. For collector temperatures above 473K (200”C) it was found that the 
thinnest titanium layers necessary to promote renucleation were 1 .8 nm in thickness. 
The thickness of the layers was estimated from oxide replica work and from 
calculations from the deposition parameters. These alloys were given the designation 
RC and were made available for examination as part of this research. Since these 
alloys were not prepaied by the author, available details about their processing will 
be given in chapter 4 (see also Table 4.1).
The apparatus used for the deposition of the RC alloys was physical vapour deposition 
using thermal evaporation. The A1 and Ti were evaporated from vitreous carbon
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crucibles. The vapour, heated in tantalum resistance furnaces (fig 3.1), was 
condensed onto a temperature-controlled aluminium alloy collector. The collector had 
a polished surface and was rotated about a vertical axis about 2 0 mm above the 
evaporators.
3.1.3 Electron Beam Evaporation
All the alloys designated with an EB prefix were produced using the modem 
apparatus consisting of a physical vapour depositor employing electron beam 
evaporation. The depositer contained two thermal and two electron beam evaporating 
sources all of which were encased within a steel watercooled vacuum chamber (figs
3.2 and 3.3). The chamber could be evacuated to lO’^ Pa. The rotating collector was 
positioned in the centre of the chamber and could rotate at speeds of up to 4000rpm.
Fig 3.4 shows the interior of the chamber. Four double quartz heating lamps were 
placed around the collector and used to maintain the collector at the desired 
temperature during deposition. A Ti shield was used to prevent excessive heat loss 
from the collector. The A1 collector was prepared by sand blasting, followed by 
ultrasonic cleaning and degreasing. The roughening of the collector was necessary 
to promote adherence of the deposit during the deposition process.
The electron beam was generated from a tungsten filament within the electron gun 
and was deflected by a strong permanent magnet to produce a melt pool at the top of 
the source rod. Both the focusing and power output of the beam could be controlled 
manually. Viewing ports were incorporated into the walls of the chamber, covered 
by sacrificial Teflon film, in order to enable the focusing of the electron beam on the 
appropriate part of the melt pool.
The source material was rod fed to ensure continuous operation for up to 12 hours. 
The rods were approximately 25mm diameter and 300mm long and were water cooled
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Fig. 3.1 Schematic of thermal evaporation apparatus (after Bickerdicke et a l ,  
1984).
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Fig. 3.2 Schematic of electron beam evaporation apparatus.
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Fig. 3.3 External view of PVD chamber.
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Fig. 3.4 Internal view of PVD chamber.
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at their base. The A1 feed rods were machined from commercially pure cast ingots. 
It was found that these ingots gave higher evaporation rates compared with feed rods 
machined from rolled bar stock (Ward-Close, 1995). The Ti rods were either Ti-6A1- 
4V or commercially pure ( IMI Extra Low Interstitial (ELI) Grade ) titanium.
3.1.3.1 Laminates produced using electron beam evaporation
The laminates produced in the modern apparatus, using electron beam heating, are 
given in Table 3.1. Initially A1/T1-6A1-4V laminates were produced (EBRC4 and 7) 
but with improvements in production/processing techniques it was possible to deposit 
Ti/Al laminates at a later stage.
Further work enabled the production of EBRC 14 comprising of Ti-6 A1-4 V/Y2 0  ^
layers. In this laminate the yttrium feed rod oxidised on deposition to form a 
layer. This system was used to demonstrate the potential for the formation of 
multilayered ceramic/metal laminates.
The following experimental problems were encountered during deposition:
i) It was difficult to maintain a constant evaporation rate.
ii) The high partial pressure of oxygen lead to possible oxide formation.
iii) The deposit did not always adhere to the substrate.
3.2 REFLECTED LIGHT MICROSCOPY
Cross-section samples for reflected light microscopy examination were cut using a 
Struers Accutom with a diamond wheel. This was operated at a relatively low speed 
with copious amounts of lubricant to avoid specimen heating. These sections were 
mounted in conducting bakelite and polished using a standard hand polishing routine, 
using four grades of SiC paper followed by 6 jitm, 3jum, l^um and 0.25jLtm diamond 
paste on cloth. Final polishing was performed with OPS on an AP-Chem base. ' The
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samples were examined using a Zeiss Axiophot D-7082.
Table 3.1 Laminates produced using electron beam evaporation
Material
Designation
Ti layer 
Nominal 
Thickness 
(nm)
A1 layer 
Nominal 
Thickness 
(nm)
Length 
of run
(mins)
Max
deposit
thickness
( f i m)
Average
Max.
Substrate
Temp
K ( T )
EBRC4 1 0 0 0 1 0 0 0 80 150 593 (320)
EBRC7 * 1 2 0 1 2 0 2 1 0 500 573 (300)
EBRCIO 1 0 1 0 360 2 0 0 0 618 (345)
EBRC 14*^ 1 0 0 0 1 0 0 0 169 1 0 0 0 603(330)
EBRC35 1 0 1 0 455 1500 498 (225)
EBRC36 5000 5000 270 1 1 0 0 573 (300)
EBRC38 ~ 4000-500 4000-500 345 1 1 0 0 508 (235)
EBRC39^ - - 421 1 1 0 0 538 (265)
EBRC47^ - - 180 1 1 0 0 596 (323)
* Ti layers refer to T1-6A1-4V layers 
'“'No A1 layer ( layer )
~  Graded sample from Afim on outside to O.S/ttm in central region. 
EBRC39 and EBRC47 were pure A1 and Ti respectively.
3.8
Chapter 3: Experimental Procedure
3.3 SCANNING ELECTRON MICROSCOPY
In order to characterise the microstructures of the laminates including layer 
thicknesses, growth mode and elemental homogeneity, samples were examined on 
both the Cambridge Stereoscan 250 SEM and the Jeol 8600 superprobe. Both 
secondary and backscattered electrons were used for imaging, with backscattered 
mode allowing atomic number contrast. The samples were prepared as described in 
section 3.2.
Both quantitative and qualitative bulk alloy analysis in the as deposited and heat 
treated conditions were obtained in a Jeol 8600 Superprobe using energy dispersive 
and wavelength dispersive X-ray analysis with standards and ZAP corrections (Z: 
atomic number, A: absorption, F: fluorescence). The accuracy of the probe results 
is affected by many parameters including probe current stability and the condition of 
the samples and standards. In order to minimise possible errors, samples and 
standards were regularly polished and the probe current was frequently monitored to 
ensure its stability.
The spatial resolution of the technique is an important issue, which is associated with 
electron beam voltage, the composition and density of the specimen and that of the 
neighbouring phases (Loretto 1994). The spatial resolution of the specimen current 
is typically 0.5-ljttm for 20kV electrons. The spatial resolution of X-ray 
microanalysis is degraded more significantly than for secondary and backscattered 
images, typically 2ju,m. Characteristic X-rays are generated with spherical symmetry 
and at whatever depth in the sample they are generated some will contribute to the 
signal, which is detected and as such the spatial resolution of X-rays is worse than 
for both secondary and backscattered images (Loretto 1994).
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3.4 TRANSMISSION ELECTRON MICROSCOPY
TEM was used to image both the as deposited and heat-treated laminates. Electron 
diffraction was utilised to identify phases and establish the crystallographic orientation 
of the phases. Both quantitative and qualitative EDX analysis were used to identify 
the chemical composition of specific phases.
TEM investigations were carried out using Philips EM400T and Jeol 2000FX 
microscopes. The Philips EM400T was interfaced to an Oxford Instruments Link 
Analytical AN10000 analyser. This enabled both X-ray analysis of the samples and 
via tlie Philips hybrid diffraction unit, on-line analysis of electron diffraction patterns. 
This also allowed the two analytical techniques to be applied to a single phase and the 
most probable diffraction pattern identification could be cross-checked with the EDX 
spectra.
Electron diffraction (Selected Area Electron Diffraction (SAED) and microdiffraction) 
was performed at different tilting positions by selecting the normal EM 
microdiffraction mode and transferring the diffraction pattern to the ANIOOOO 
analyzer via the microscope STEM detector. Having previously calibrated the system 
against a single crystal gold specimen and ensuring that all instrument parameters 
remained constant, the position of the diffraction spots was identified on the monitor. 
By fixing the central spot and at least 4-5 lattice points the software system was able 
to compare the diffraction pattern against a database containing crystallographic data 
relative to the examined material. This process was only possible for EBRC38, 
which had nominally Sfxm layer thicknesses. In order to get diffraction patterns from 
samples with smaller layer thicknesses, a nm sized probe was required which 
necessitated the use of the Jeol 2000FX. Diffraction in the Jeol 2000FX was 
performed in a similar way but without the use of any analyzer systems.
EDX analysis was performed on a Link ANIOOOO system on the EM400T and on a
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CM20/STEM for the TEM foils. The spatial resolution of EDX on the TEM is 
<  50nm. The following conditions were optimised to ensure maximum accuracy.
i) Maximum accelerating voltage was used for larger P/B (Peak/Background) 
ratio.
ii) When spatial resolution was of secondary concern, larger electron probe size
was used to allow better statistics and reduce contamination.
iii) Thinnest areas were chosen to guarantee spatial resolution.
iv) Longer spectrum collecting times were used for the smaller spot sizes.
The Cliff-Lorimer factors for Ti and A1 had already been determined by previous 
workers (Shao 1995, Grogger 1995) on the specific microscopes used in this study.
Because of the nature of the materials studied in this thesis and the lack of previous 
experience with TEM specimen preparation from nano and micro-laminate material, 
considerable effort was spent to develop techniques for the preparation of thin foils 
for TEM examination. Details of the techniques used are given below in section
3.4.1.
3.4.1 TEM thill foil preparation
Two techniques were used to produce cross-sectional TEM specimens depending on 
the starting thickness of the as deposited laminate.
3.4.1.1 As deposited thermally evaporated laminates
All the early RC laminates had a thickness greater than 3mm. From SEM studies 
(described in the next chapter) it was shown that the area of lamination extended less 
than 1 mm from the top surface and that a protective coating was applied on top of the 
laminated area. It was important to develop a thin foil preparation technique, which 
would allow examination of the laminate region whilst minimising laminate damage.
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An initial through thickness slice of 500jum of material was cut from the as deposited 
laminate using a Struers Accutom with a diamond wheel. This was operated at 
relatively low speed and with copious quantities of lubricant to avoid specimen 
heating. It has been estimated that damage can extend by as much as 200^m into the 
material by cutting with this method, so it was important that the damaged layer be 
subsequently removed. It was then necessary to produce a 3mm diameter disc of 
material with the area of interest as near to the centre of the disc as possible. In 
order to facilitate this an ’incomplete’ disc was cut from each slice.
An initial attempt was made to punch out a 3mm disc from the material. However, 
the material was too brittle and the sample cracked. Another attempt was made to 
cut a 3mm diameter disc by using a brass drill. The slice was stuck to a glass slide 
by wax and some diamond paste was applied to the surface of the slice. The rotating 
brass drill was lowered onto the paste. This drill uses an abrasive action to cut the 
sample and introduced less damage into the sample than punching. Initially the 
sample heated up so that it came unstuck from the glass slide. A special high melting 
point wax was used to stick the sample to the slide but this also melted. However, 
by this stage the brass drill bit was eroding more than the sample.
The next approach was to use an electrode discharge cutter to cut an ’incomplete disc’ 
of material. Three slices were prepared of 500jum, 750jum and lOOOjum thicknesses. 
The thinner slices of 500jum and 750jnm cracked whilst discs were being cut. A 
pyramid rather than a disc resulted from cutting the larger lOOOjum thick sample. 
From these results it was decided that the lOOOftm thick sample was too thick for 
successful electrode discharge machining (EDM). The cracking of the SOOfxm and 
ISOfxm samples was attributed to the pressure exerted on the sample by the clamping 
device used rather than the EDM tool.
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When performing EDM it is important that the sample is in good electrical contact 
with the clamp. In order to facilitate this a special base plate of A1 was machined and 
a ISOfim thick sample was stuck to it using a conducting silver epoxy glue cured at 
333K for 2 hours for maximum strength. The slice was then EDM machined. The 
slices still attached to the base plate were heated in acetone in order to remove the 
’incomplete’ disc from the base plate. No surface cracking was evident on the 
sample.
The ’incomplete disc’ was then mechanically ground to ISOjum using a hand held 
micro-grinder. Dimpling using a South Bay Model 515 was performed to reduce the 
sample thickness to 40-60^m. The samples were dimpled at relatively low speeds 
using progressively finer diamond pastes of lO^m, 6fim and finally 1 /um.
Final polishing could be done by either electropolishing or ion beam thinning. In 
electropolishing it is vital that the polishing action is stopped very soon after 
perforation occurs otherwise the thin edges of the sample become rounded. In 
automatic machines this is done by a photo-cell arrangement which detects the 
transmission of light through the perforated specimen. For this to work the specimen 
must be a complete disc initially. Because of the problem of having an incomplete 
disc the material had to be ion beam thinned.
The initial set of conditions on the ion beam thinner was 1mA, 6 kV and a starting 
angle of 18 degrees. After 4 hours the sample started to bend. The conditions were 
repeated with a new sample and using a restraining top plate. However after 4 hours 
the sample was still bending. The sample was examined under a stereo-microscope 
and showed signs of discolouration. It was deduced that both the bending and the 
discolouration phenomena were a result of thermal stresses being set up in the sample
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during ion beam thinning.
The thinning was repeated with two procedural changes. Firstly the samples were 
glued (using tiny amounts of epoxy glue) onto a Cu slot grid of 1mm x 2mm and 
secondly the thinning was carried out ab liquid nitrogen, which reduced sample 
heating. Before any thinning could start, the sample, the stage and the restraining 
plate all had to be immersed in liquid nitrogen for half an hour to ensure that all the 
components were in thermal equilibrium prior to thinning.
Typical thinning times varied from 10 to 30 hrs with the thinning angle being 
progressively decreased from 18 to 11 degrees. The sample was rotated to achieve 
non-preferential thinning at the centre .
3.4.1.2 As deposited electron beam evaporated laminates with a thickness 
less than 750^m
It was necessary to obtain a cross sectional TEM sample from material whose initial 
thickness was <750jum (EBRC4 and EBRC7). Methods used by Vanhellemont
(1988) require an optimum starting thickness of 1mm. In an effort to achieve 
this a number of layers were glued together to form a planparallel plate. A cut 
perpendicular to the surface of the plate was made using a Struers Accutom operated 
as described in section 3.4.1.1.
However, the brittleness and thinness of the individual planparallel plates of laminate 
resulted in extensive cracking. In an effort to increase both the thickness and the 
mechanical strength of the individual plates an electroless nickel (EN) plating process 
was used as described by Morra (1991).
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The advantage of Ni is that the thinning rates in the ion beam thinner are comparable 
with Ti and Al.
3.4.1.3 Electroless nickel coating
The general reaction that occurs during EN deposition is:
NE+ +  — > Ni +  2 HPO3- +  4H+ +
The strength and ductility of the plating depends on the amount of phosphorous, 
which is codeposited with Ni, For the optimum plating rate the temperature should 
be between 358K (85 °C) and 363K (90 °C) and with a pH > 4 . To maintain the pH 
the solution was buffered. The acid bath consisted of 13.5g of sodium 
hypophosphite, lOg of nickel sulphate hexahydrate, 8 g of sodium succinate and 500ml 
of distilled water. (This mixture was stored in a refrigerator).
The beaker containing the plating solution was suspended in a water bath, which not 
only maintained the correct temperature for the optimum plating rate but also avoided 
Ni plating out on the bottom of the beaker. During the first half hour of plating the 
build-up of phosphite ions in the plating bath could result in a white suspension of 
NiHPOj. The phosphite ions could be resolutionised by adding lactic acid dropwise 
until the precipitate disappeared. The pH was not reduced below 5.5 when adding 
the lactic acid (large changes in the pH did not occur since the system was buffered).
A number of plating cycles each lasting 3 hours was needed in order to increase the 
foil thickness to around 500-700/xm, Once this was achieved the sample was attached 
to a base plate with wax. The sample was then cut using a Struers Accutom with a
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thin bladed diamond saw in one direction with a spacing of less than 200jum and in 
the perpendicular direction with a spacing of 2mm so that small rectangular strips 
were obtained of about 150jLtm x 2mm. Copious quantities of lubricant were used 
during the cutting process to reduce specimen heating and to ensure that the cut 
samples stayed attached to the wax. Once the samples were cut the base plate was 
heated up so that the wax melted and the cut strips could be removed and cleaned in 
acetone. A number of strips were then glued together to a thickness of about 0.5mm. 
Mechanical polishing of the sandwich structure was performed using a microgrinder 
to reduce the thickness to 50-70/%m. The sample was glued between two Cu slot grids 
1 X 2mm to increase the mechanical stability of the sample. Dimpling was carried 
out as described in section 3.4.1.1. Ion beam thinning was carried out using similar 
conditions except that initially the sample was not rotated but aligned such that 
preferential thinning would occur along the glue lines i.e. parallel to the as deposited 
layers. Once an initial hole had been produced further thinning was carried out whilst 
rotating the sample using the same conditions as described in section 3.4.1.1.
Through thickness sections of EBRCIO, cut using an Accutom as described in section
3.4.1.1, with an as deposited laminate thickness of 2mm, were mechanically strong 
enough not to require any plating cycles before mechanical polishing, dimpling and 
final ion beam thinning were performed.
This method of producing TEM samples by electroplating was not entirely successful 
with the result that the areas thin enough for TEM examination were not very 
extensive.
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3.4.1.4 As deposited electron beam laminates with a thicluiess greater than 
750^m
Through thickness sections of EBRCIO, EBRC35 and EBRC36 were cut using an 
Accutom as described in section 3.4.1. These laminates were mechanically strong 
enough not to require any plating cycles before mechanical polishing, dimpling and 
final ion beam thinning (as described in section 3.4.1.2).
An attempt to make a TEM sample of EBRC14 was made, however, this sample was 
too porous to survive the thinning process.
3.5 ANALYTICAL ELECTRON MICROSCOPY
A number of analytical techniques available in the TEM and on specially modified 
TEMs were used.
3.5.1 Energy Filtered TEM
During the project EFTEM proved to be a very powerful, high spatial resolution 
technique for the provision of information on layer homogeneity, interdiffusion of 
elements across interfaces and distribution of elements after heat treatments.
When a high energy electron beam (as in a TEM) is directed at a solid a variety of 
processes occur, (as shown in fig 3.5), which can be classified as:
i) Primary Scattering of incident electron beam and excitation of atoms involving 
electronic transitions in the solid.
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Fig. 3.5 Schematic of interactions between a high energy electron beam and 
sample in a TEM.
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ii) Secondary Scattering of the excited electron and de-excitation of atoms in 
the solid, which in turn leads to the emission of X-rays.
The primary scattering processes can be subdivided further into elastic and inelastic 
scattering phenomena. The inelastically scattered electrons contain information on the
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electron distribution in the solid and if displayed according to their specific energies 
can be used to form an electron energy loss (EEL) spectrum. The spectrum exhibits 
inner shell edges corresponding to the ionisation of inner shell electrons. These edges 
have an energy, which is characteristic of the element, and the intensity above the 
background is proportional to the number of atoms in the analysis area.
By using a Gatan Imaging Filter (GIF), energy filtered images at the Ti Ti L^ ,^ 
O K, Al K and Al L^  ^ edges were recorded using the YAG scintillator crystal and the 
1024 X 1024 pixel array of the slow scan CCD camera. Images were processed using 
Gatan’s Digital Micrograph software running on a Macintosh Quadra 840AV 
(Krivanek et al,  1992). Fig 3.6 shows a schematic of the GIF apparatus. The images 
were corrected for dark current and gain variations and drift was corrected using a 
cross correlation algorithm. In each case, an extrapolated background image, 
calculated from two pre-edge images, was subtracted from the post-edge image to 
form an elemental map which still retained diffraction contrast effects. Fig 3.7 shows 
a schematic of an elemental map acquisition process. Jump ratio maps were also 
formed in which the post edge image was divided by the pre-edge image to form a 
map in which thickness contrast remained (Hofer et a l ,  1995). Experimental 
conditions were chosen using the recommendations of Berger and Kohl (1993) and 
Kothleitner (1996).
3.5.2 Scanning TEM (STEM)
In the technique of STEM a field emission source with an aperture having an energy 
spread of less than 0.5eV is used, which allows a very high brightness spot to 
illuminate an area between 0.2nm to 2nm diameter. The scanning system is similar 
to a conventional SEM and permits linear scanning as well as angular scanning about
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Fig. 3.6 Schematic of GIF apparatus.
Philips CM20 (200kV)
MocIIsf MacQuadro
alignment 
coils ( filterelectronics SSCelectronics
Slow-scan CCD
camera
magnetic prism
TV-rate CCD cameraquadrupoles
energy-selecting slit / 
quadrupoles and sextupoles TVelectronics
3.20
Chapter 3: Experimental Procedure
Fig. 3.7 Schematic showing an elemental map acquisition process.
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a specimen point. This very focused beam allows accurate EELS point analysis and 
scanning coils allow line profiles to be obtained from areas of nanometre dimension. 
This technique was able to provide information on the chemical diffusion profile 
across laminae interfaces and was also used to establish point chemical concentrations 
in crystallographic phases of interest. Samples RC51, EBRCIO and EBRC35 were 
studied. All these TEM samples were prepared in cross-section as described in 
section 3.4.1. The effects of carbon contamination were removed from the samples 
by gentle baking in the STEM specimen airlock.
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The microscope used was a VG HB501 STEM operated at lOOkeV and equipped with 
a Gatan 6 6 6  Parallel EELS spectrometer and recording system based upon a 
photodiode array. The microscope was capable of forming a probe of about 0.5nm 
diameter with a beam current of 0.5nA. The collection and convergence semi-angles 
were both 13 mrad. Line profiles were performed with “spectra” software of Dr 
Gerd Duscher (MDI Stuttgart).
Two contrast modes were used:
Bright Field Imaging - This was generated by means of an axial detector which only 
collects the electrons transmitted and scattered inside the detector acceptance angle. 
The resulting image corresponded to a large fraction of inelastically scattered 
electrons, which were concentrated into a limited angular range.
Dark Field Imaging - The dark field image was generated by means of an annular 
detector, which collects electrons scattered and diffracted into an angle greater than 
the axial detector acceptance angle. The resulting signal corresponded predominantly 
to diffracted and to elastically scattered electrons. These high angle annular dark field 
images gave atomic number or “Z ” contrast.
3.5.3 Electron Energy Loss Near-Edge Structures (ELNES)
The fine structure observed on EELS ionisation edges is known as ELNES and 
reflects electronic transition to empty states of the solid. In solids these unoccupied 
electronic states near the Fermi level can be appreciably modified by chemical 
bonding leading to a complex density of electron state and this is reflected in the 
ELNES, which modifies the basic atomic shape in the first 30-40eV above the edge 
onset. From the form of die ELNES it is possible to get information on the particular
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atomic environment in a solid, i.e. the coordination and valence state (fig 3.8).
ELNES was used to probe the electronic configuration of Ti and Al across the layer 
interfaces to give an indication of what, if any, alloying had taken place. ELNES 
data was obtained for RC51 and EBRCIO.
3.6 HIGH RESOLUTION ELECTRON MICROSCOPY (HREM)
High resolution TEM allows the imaging of lattice spacings. In a dedicated high 
resolution TEM no objective aperture is present in order to allow many diffracted 
beams to pass through the electron column and interfere resulting in phase contrast. 
These lattice images allow imaging of crystal structures, phases and growth defects 
such as twins. High resolution images were recorded using a Jeol 200CX, 200keV 
microscope wiüi a LaB^ filament and modified pole piece giving a point resolution of 
0.19nm. The information from the HREM gave an indication of crystallographic 
phases and orientations across a number of interfaces within the laminates. HREM 
work was performed on RC49 and EBRCIO.
3.7 HOT STAGE TRANSMISSION ELECTRON MICROSCOPY
Direct observation of die multilayer breakdown process was attempted by in-situ TEM 
heating of several EBRCIO samples in a vacuum. Samples were made using the 
method described in section 3.4.1.3. In order to withstand the temperature during 
the heating experiment the samples had to be glued to the copper grid by using M- 
Bond 600, which is stable up to about 620K. The samples were then cured at 373K 
for 2  hours, the minimum recommended by the manufacturers.
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Fig. 3.8 Example of information that can be obtained from an ELNES spectra.
The intensity profiles show Manganese 3 ELNES from a range of 
manganese oxides displaying differences in fine structure and in white 
line intensity ratios.
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Since the thermocouple was attached to the heating furnace, the real specimen 
temperature was uncertain. However, previous work by White (1996), found that the 
temperature read out on the hot stage used was reliable to +/-5K. Eight heating 
cycles were performed (details given in Table 3.2). At the end of each cycle the 
sample was cooled back to room temperature to enable photographs to be taken. The 
experiment was halted when the temperature of the sample exceeded the stable 
temperature of the glue after which time it started to vaporize. Photographic quality 
was found to deteriorate slightly due to both oxide and general debris building up on 
the surface of the sample.
3.8 X-RAY DIFFRACTION
X-ray diffraction was used to obtain bulk data on the crystallographic phases present 
in the laminates. A Philips 18-30 X-ray diffractometer with a vertical goniometer, 
graphite A chromator and CuKa radiation was used to produce B~2B scans. The 
diffractometer was operated at 30keV and 40mA. Spectra using this machine were 
obtained for as deposited and heat treated samples of EBRC4, EBRC7 and EBRCIO.
A Materials Research Diffractometer (MRD), made available by courtesy of Philips, 
Research Labs, Redhill, was used to give more accurate analysis (details of the scans 
performed are given in Table 3.3).
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Table 3.2 Hot Stage TEM heating schedule for EBRCIO
Run No: Temperature K (°C) Dwell Times (min)
1 343 (70) 1
353 (80) 1
363 (90) 1
388 (115) 1
2 392 (119) 1
401 (128) 1
413 (140) 1
428 (155) 8
3 295 (22) - 495 (222) 1 1
495 (222) 3
4 295 (22) - 518 (245) 17
518 (245) 3
5 295 (22) - 532 (259) 7
532 (259) 4
550 (277) 3
6 295 (22) - 558 (284) 7
558 (284) 4
7 295 (22) - 578 (305) 6
578 (305) 3
325 (598) 3
8 295 (22) -803 (530) 58
3.26
Chapter 3: Experimental Procedure
Conditions used were: diffraction slit 10mm; step size 0.02°; 15 sec/step; 40kV and 
50nA. Samples were fixed with the layers parallel to the beam. The MRD system 
was connected to an online computer system with a Philips Automated Powder 
Diffraction (PC-APD) system, which enabled data manipulation and processing. High 
resolution scans carried out with offset co were compressed using software written by 
Dr Fewster, which enabled 2-dimensional maps in diffraction space to be produced 
(Fewster and Andrew 1995). This enabled weak and overlapping peaks to be 
resolved more clearly.
3.9 AUGER ANALYSIS
Auger analysis is a surface sensitive technique with a depth resolution of between 1- 
5nm and is one thousandth of the X-ray analytical depth. Fig 3.9 shows the stages 
in the generation of an Auger electron. An important use of Auger electron 
spectroscopy is to obtain depth profiles by the combined operation of an ion etching 
device and the spectrometer. However, the thickness of material examined using this 
technique needs to be less than l/am. If the thickness is greater than this problems can 
arise with ion induced artifacts and also as the depth increases the erosion of material 
from the surface by ion bombardment is not uniform and as such gives rise to 
uncertainties about the exact depth resolution of the technique.
EBRC4 had layers of approximately Ijwm, and as such depth profiling using sputtering 
was not a viable option. A second method was used, as developed by Thompson et 
al,, (1979). In this method a spherical crater was developed in the sample surface 
by means of mechanical polishing action. The ball-cratering machine consisted of a 
steel shaft, incorporating a ’V’ shaped hardened steel groove, driven by a variable 
speed motor. A hardened steel ball with diameter 10-30mm rested in the groove and
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was made to rotate against the specimen, which was mounted on an inclined table, 
the angle of which controlled the load (fig 3.10).
The crater was developed by abrasion by applying fine diamond paste and a suitable 
lubricant to the ball. The finer the diamond paste used the longer it took to abrade 
a crater.
Table 3.3 X-ray Diffraction Experimental Details
Material Designation Condition Type of X-ray scan
EBRCIO As Deposited Ka 20° - 130°
EBRCIO Heat Treated at 573K 
for 1 minute in salt bath.
Ka 3 4 °-4 2 ° and 
55° - 65° offset co from 
- 1 0 ° /  -1- 1 0 ° 
step size 0 .1°
EBRCIO Heat Treated at 923K 
for 2  hours in vacuum.
Ka 20° - 130°
EBRC35 As Deposited K a 20° - 120°
EBRC36 As Deposited K a 20° - 120°
EBRC38 As Deposited Ka 20° - 120°
RC49 As Deposited Kj8  2 0 ° - 1 2 0 ° offset co 
from -50° / 4-50° 
step size 2.5°
RC51 As Deposited Ka 20° - 120° offset co 
from -50° / 4-50° 
step size 2.5°
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Fig. 3.9 Generation of Auger electron.
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Fig.3.10 Schematic of ball-cratering machine.
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However, the surface roughness was reduced and the depth profile was more 
accurate. Depth profiles were obtained by point-to-point analysis down the walls of 
the crater.
Sample EBRC4 was glued to an Al base plate, which was screwed down onto a table. 
The sample was cratered using a 10mm diamond ball and 0.25ju,m diamond paste. 
The crater took about 30 seconds to form. Because the material was so brittle the 
craters were uneven and torn in places. This meant that it was not possible to do an 
accurate depth profile. However, it was possible to do a line scan across the layers, 
that had been exposed by the cratering method, and to do Ti/Al and O maps of 
regions of interest.
After cratering, the sample was ultrasonically cleaned in isopropanol and mounted 
onto an Auger stub. Because the Auger analysis is a surface sensitive technique, the 
sample was held in tweezers at all times after the ultrasonic cleaning to try and 
minimise surface grease and hydrocarbon contamination.
The Auger work was done on a MA500 spectrometer with a LaB^ filament, which 
was interfaced to a Link Analytical ANIOOO system. The ANIOOO was designed for 
use on an X-ray micro-analysis system but has the ability to be simply modified for 
use on other surface analytical equipment. The conditions used were lOkV and lOnA 
with the sample being inclined at 60° to the incident electron beam. Samples were 
Ar etched for about 1 hour to minimise hydrocarbon contamination, prior to the 
acquisition of line scans or maps. Where line scans were done the dwell time was 
60ms per pixel. Auger maps were processed using the algorithm (Peak- 
Background)/Background. This was shown by Bishop (1983) to generally remove any 
topographical effects which may distort the true Auger image.
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Only EBRC4 was studied by this technique. It was concluded that ball cratering on 
this brittle sample gave uneven torn craters, which were not suitable for subsequent 
depth profiling. It would have been possible to perform depth profiling using 
sputtering on layers <  l/xm. However, to ensure successful results the layers would 
have had to have been parallel to the surface and undistorted. Results from TEM 
investigations at this stage suggested that this was not the case and as a result no 
subsequent Auger work was performed.
3.10 MECHANICAL TESTS
3.10.1 Four Point Bend Tests
ASTM E855-90 is the standard test method for bend testing of metallic flat materials 
for spring applications involving static loading. Test method C, which describes 4 
point bending was used. This test method gives values of proof strength in bending 
and modulus of elasticity in bending. The materials tested were EBRCIO, 35, 36, 
38, 39 and 47, all in the as deposited condition.
The apparatus geometry is shown in fig 3.11. Due to material constraints samples 
did not adhere to the ASTM test in terms of specimen size, i.e. the sample width 
varied from 9.9mm-10.5mm and the thickness varied from 0.57mm to 1.5mm. 
Where possible three samples from each material were tested. Rectangular test 
specimens were cut using a high speed diamond saw with copious lubricant. Both 
faces of the test specimen were ground to less than Ifim finish to reduce surface 
flaws.
The testing was performed on a Shimadzu Autograph with a lOkN load cell. A video
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Fig. 3.11 4 point bending apparatus geometry.
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20mm 41-------->
4mm diameter
extensometer was used to measure displacement. All the samples were tested at a 
constant displacement speed of 0.5mm/min.
RC36 was also tested by Dr D Smith at the University of Bristol. The sample size 
and test rig were identical to those used at Famborough, However, the samples had 
standard strain gauges attached to them. This was done in order to compare results 
obtained from strain gauging methods with those from use of a video extensometer.
3.10.2 Tensile Tests
Tensile tests were done on a Zwick 1474 with a lOOkN load cell at a strain rate of
0.003, with the extension being measured by a clip-on extensometer. Two specimens 
from each of EBRCIO, 35, 36, 38, 39 and 47 materials were tested. Standard d type
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samples were tested. In order to facilitate testing, each sample was attached to Al 
strips with an acryllic glue, which cures at room temperature.
3.10.3 Microhardness
Microhardness measurements were performed on the materials EBRC4, 7, 10, 35, 
36, 38, 39 and 47. Sample EBRC4 and EBRCIO were also tested in the heat treated 
conditions at 1223K for 2hrs (vacuum), furnace cooled and 923K for 2hrs (vacuum) 
furnace cooled respectively. A Leitz microhardness tester was used to measure how 
the hardness of the laminates varied with layer thickness and heat treatment. A 
micro-Vickers diamond pyramid indenter and weight of 0 .2 kg were used for this 
purpose. The load was applied for a standard time of 30 seconds for every 
measurement. Measurements of the indent size were made using the optical 
microscope mounted on the microhardness tester.
3.11 HEAT TREATMENTS
Heat treatments were performed in order to assess the stability of the microstructure 
of the laminates, how layer breakdown would occur and what phases would form. 
All of these parameters were assessed against existing data and the predictions based 
on bulk material. Samples were heated in vacuum furnaces with Ti ribbons as
oxygen getters for specific times and temperatures as shown in table 3.4. The
püfïUyiÆSsamples were put into the furnaces, as soon as the had reached the heat-treatment 
temperatures. After the heat treatment the samples were furnace cooled.
Some samples were also heat treated in a salt bath to facilitate fast heat treatments 
(see table 3.4). The salt bath contained a mixture of potassium and sodium nitrate
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and nitrite with a high thermal mass compared to the specimens being treated. The 
temperature of the salt bath could be held at the specified temperature +/-1K. The 
samples were contained within a steel cage, which was lowered into the bath by 
means of a Nichrome wire, enabling rapid transfer of the samples.
Table 3.4 Heat treatment conditions for EBRC4 and EBRCIO
Material Heat Treatment
TempK (°C) Time (secs) Furnace / Salt Bath / Cooling
EBRC4 823(550) 7200 Furnace / Furnace Cooled
EBRC4 873(600) 7200 Furnace / Furnace Cooled
EBRC4 923(650) 7200 Furnace / Furnace Cooled
EBRC4 973(700) 7200 Furnace / Furnace Cooled
EBRC4 1123(850) 7200 Furnace / Furnace Cooled
EBRC4 1223(950) 7200 Furnace / Furnace Cooled
EBRCIO 923(650) 7200 Furnace / Furnace Cooled
EBRCIO 773(500) 60 Salt Bath / Water Quenched
EBRCIO 573(300) 60 Salt Bath / Water Quenched
3.12 DIFFERENTIAL SCANNING CALORIMETRY
DSC was used to monitor the heat treatment cycles of EBRC4 and EBRCIO and to 
characterise any endothermie or exothermic peaks. A PL Thermal Sciences STA 625 
was used. Through tliickness samples, weighing between 55mg-65mg, were cut using 
a Struers Accutom as described in section 3.2. The samples were heated under 
flowing Argon (50ml/min) atmosphere at a standard heating and cooling rate of 20 
K/min.
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A Dupont V2.2A 9900 was also used to characterise EBRCIO and EBRC35. 
Through thickness samples weighing around 25mg were cut using a Struers Accutom. 
The samples were heated in vacuum at 2K/min. This was done in order to study any 
reactions, which a faster heating rate might had masked.
Isothermal runs were also performed on EBRCIO when the sample was heated to 
temperatures ranging from 473-573K at maximum rate and held at these temperatures 
for times varying from 2-13 hours.
3.13 RUTHERFORD BACK SCATTERING
Rutherford back scattering (RBS) is a surface and sub-surface technique, which was 
used to assess the integrity of both the surface layers and the sub-surface hidden 
interfaces. Due to the depth sensitivity of the technique only samples EBRC7 and 
EBRCIO were probed. The surface coating on the old RC samples and the large 
layer thickness of EBRC4 meant that these laminates were not suitable for RBS 
examination.
In RBS a beam of monoenergetic and collimated alpha particles C He nuclei) impinge 
perpendicularly on a target. If the sample is thick only the particles scattered 
backwards by angles of more than 90 degrees from the incident direction can be 
detected. The principle features of RBS are:
i) Charged He particles are generated in an ion source.
ii) Their energy is raised to several mega-electron volts by using a Van der
Graaf generator.
iii) The high energy beam is focused and collimated.
iv) Beam enters scattering chamber and impinges on the sample.
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v) Some back scattered particles hit the detector and produce an electrical signal 
which is amplified.
Almost all the incident particles come to rest within the sample. Less than 1 in 
particles are scattered back out of the sample. The yield from a target is given by 
the differential cross-section, which is proportional to {Z^ZJEf- cosec'^ {0/2) where 
Z is the atomic number of the incident and target atoms, E is the beam energy and 
$ is the scatttering angle. The depth scale of the profile is obtained from the energy 
loss of the probing beam in the target material.
The experimental conditions used were a current of lO-lOOnA, 1.5MeV particles 
impinging on Imm^ of material. The entrance angle of the beam was set at 0° and 
at 24°. This allowed an estimation of the degree of surface and interfacial roughness. 
This technique could only probe the top few microns of material and as such was not 
a suitable teclinique for examining the RC alloys in which the nanolayered region was 
buried within the sample. EBRC4 was not examined as the layer thicknesses (~  Ifxm) 
was too big for probing over a number of layers. Both EBRC7 and 10 were 
examined but it was found that, due to the wavyness and high apparent interfacial 
roughness, this technique was unable to resolve layer thicknesses and concentration 
profiles accurately.
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layers. It was also apparent that in most areas the interface between A1 and Ti was 
not sharp but graded. Fig 4.14 shows areas, indicated as A in the figure, where the 
Ti layers appear well intact with little A1 diffusion into them. However, within 50nm 
of area A the layers break-down and show substantial diffusion at the interface. The 
maps indicate that in most regions the Ti layers contain A1 and that the Ti interface 
with the A1 layer is diffuse. These maps were estimated to have a resolution of 
<  Inm. An estimate on the width of mixing between the Ti and A1 layers was 
between 7-15nm in areas where the layers were still visible. In areas where the 
layers had broken down this width of mixing was in excess of 30nm. The presence 
of Ti in the A1 layers can also be partly attributed to areas where the Ti has not 
deposited as a continuous layer. The layers also show some curvature across the 
grain boundaries.
An X-ray scan (see section 3.8) was performed on RC51 from 20°-120° with an offset 
of + /-  50°. From this a three dimensional map was produced, which was then 
compressed to form a 2-dimensional projection. The scan showed all the major A1 
peaks strongly, which was to be expected as the laminate was A1 rich. No Cu or Mn 
peaks showed up, which confirmed that the X-rays were not penetrating into region 
1 of the laminate. The scan showed no free Ti present. This could be attributed to 
the concentration of free Ti being lower than the detection limit of the diffractometer 
(i.e. <  5%). The Ti appeared as the intermetallic forms of Ti^Al and TiAl^ (fig 
4.15).
There is some doubt as to whether the diffraction scan is a true representation of the 
entire sample or whether it is probing the top Ti/Al layer without penetrating into the 
nanolayered region. This could be overcome by grinding a set amount off the top of 
the sample. However, it is unclear as to how much should be removed and how thick 
the nanolayered region is. It was assumed that the diffraction peaks of Ti^Al and 
TiAl^ were truly representative of the nanolayered region. The TiAl^ compound is 
the most stable and likely intermetallic to form in terms of overall concentration
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(approximately 8 8 % A1 and 12% Ti calculated from layer thicknesses) as well as 
being the predicted phase to form from diffusion between Ti and A1 (Tardy and Tu 
1985). Neither TiAl or Ti^Al are equilibrium phases in an alloy with bulk 
composition 8 8 % A1 and 12% Ti nor are they the expected product of diffusion 
between Ti and Al. TiAl and Ti^Al could have formed from the penetration of the 
impinging Al atoms into a Ti rich environment (Pashley 1985, see section 2.3 and 
4.3.2).
4.2.3 LAMINATE RC49
The processing and material details, which were provided to the author for RC51, are 
given in table 4.1. SEM examination revealed a deposit with three regions as seen 
for both RC60 and RC51. The deposition time for this sample was given as 117 
minutes. From this it was estimated that the nanolayered deposit was less than 
280jum.
SEM examination revealed no columnar grains. RC49 had a T /T^= 0.60. Cross- 
sectional TEM examination revealed that the Al layer thickness was 50nm (143% 
larger than reported) and the Ti layer thickness was 15nm (750% larger than 
reported) (fig 4.16).
Bright field TEM images revealed three contrasting regions (all regions were within 
the same sample so that collector-source geometrical considerations could be 
excluded). Region 1 showed a fanning out of the layers (fig 4.17), region 2 showed 
a high degree of interlayer degeneration (fig 4.18) and region 3 showed a regular 
homogeneous layered structure (fig 4.16).
EFTEM was performed on the three regions to establish the chemical distributions. 
The series 1 colour map shows the chemical distribution of Ti and Al through a 
region with fanned layers (fig 4.19). The map shows how the Ti thickness varied
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CHAPTER 4
CHARACTERISATION OF THERMALLY EVAPORATED
LAMINATES
4.1 INTRODUCTION
The earlier thermally evaporated laminates (given the prefix RC, see section 3.1.2) 
were provided to the author. Table 4.1 summarises the available data on these 
laminates. The results from the microstructural characterisation carried out by the 
author are presented in this chapter.
Table 4.1 Processing and material details of alloys prepared by PVD using 
thermal evaporation.
Material Ti layer Al layer Length Max Substrate
Designation Nominal Nominal of deposit Temp
Thickness Thickness run thickness
(nm) (nm) ( mins ) ( jum) K ( ° C )
RC60 16 300 240 3100 383 (110)
RC51 1 30 109 2108 523 (250 )
RC49 2 35 117 2815 563 (290 )
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4.2 THE MICROSTRUCTURES OF THE LAMINATES
4.2.1 LAMINATE RC60
The processing and material details, which were available for RC60, are given in 
Table 4.1. SEM studies (see section 3.3) revealed three distinct regions in the deposit 
(figs 4.1 and 4.2). Region 1 was shown by EPMA to consist of an aluminium- 
copper-manganese alloy. This region was the substrate onto which deposition 
occurred. Region 2 was shown by EPMA to comprise of almost pure aluminium. It 
is surmised that this region was deposited so as to allow the subsequent nanolayered 
region to both adhere to the collector and to minimise any substrate initiated flaws. 
This region will be referred to below as the Al keying region. As a consequence of 
these findings, this technique of depositing an Al keying layer was subsequently 
adopted for the electron beam evaporated laminates. Region 3 was shown by EPMA 
to contain Ti and Al. This was the only region which contained Ti and as such it was 
assumed that the nanolayers were witliin this region. The amount of Ti in this region 
was 6.3 atomic % Ti.
No information was provided as to the thickness of the nanolayers, which would be 
important for subsequent TEM sample preparation. (The deposit thickness quoted in 
table 4.1 is for regions 1,2 and 3). The deposition time quoted in table 4.1 was 
assumed to be for the nanolayered region, i.e. for RC60 the deposition time was 240 
minutes. Work on the electron beam evaporated laminates showed that a run of 210 
minutes duration gave a deposit of approximately 500/xm thickness (EBRC7). 
However, electron beam evaporation is faster than thermal evaporation, so it would 
be reasonable to assume that the nanolayered region of RC60 extended less than 
500/xm within region 3.
Regions 2 and 3 of the deposit had a large amount of porosity and columnar grains. 
The T/T for this laminate was 0.41.
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TEM (see also section 3.4) examination revealed that the Al layer thickness was 
120nm (40% of the reported value) and that the Ti layer thickness was 18nm (112.5% 
of the reported value) (fig 4.3). It is not surprising that the measured thicknesses of 
the Al and Ti layer compared with the nominal values are different, as the nominal 
values were calculated from oxide replica work. To the author’s knowledge no cross- 
sectional TEM was performed on these laminates previously.
4.2.2 LAMINATE RC51
The processing and material details, which were available for RC51, are given in 
table 4.1. SEM examination revealed a deposit with three regions, as seen for RC60,
i.e. substrate, Al keying region and a final Al/Ti region containing the nanolaminate. 
The deposition time for this sample was quoted as 109 minutes. From this it was 
estimated that the nanolayered deposit was less than 260/xm thick.
In contrast with RC60 there was no evidence of a columnar structure in the deposit 
(fig 4.4). For this deposit T/T^^= 0.56. Cross sectional TEM revealed that the Al 
layer thickness was 3 Inm (103% of the reported thickness) and the Ti layer thickness 
was 4nm (400% of the reported thickness) (fig 4.5). Bright field TEM images 
revealed highly stressed layers. In areas where the interfaces between the layers were 
inclined to the electron beam direction, and hence the layers overlapped, sets of 
parallel Moire fringes could be seen, which are commonly associated with oriented 
or epitaxial growth. However, it would be necessary to view the specimen in 
plan-view in order to be certain of the latter. The Ti layers also showed some 
evidence of spreading into the Al layers, although some of these effects could be due 
to the sample not being edge-on to the electron beam (fig 4.6). If the layers were at 
an oblique angle to the surface under examination then it would be possible for 
subsurface layers to be seen as faint lines on a TEM micrograph. Similarly if the 
layers were perpendicular to the surface but undulated within the thickness of the 
TEM foil then subsurface layers again would be visible.
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The Al layers exhibited texture such that the <  111 >  direction was perpendicular to 
the substrate surface, which showed close-packed, planar stacking in the growth 
direction, typical for PVD metal films. However, attempts to get a probe size small 
enough to interrogate only the Ti layers resulted in a very low intensity probe and no 
visible electron diffraction pattern.
A STEM (see also section 3.5.2) bright field and high angle annular dark field 
(HAADF) image of a number of layers is shown in fig 4.7. The dark field image 
shows Z contrast with the dark areas being Al rich and the light areas Ti rich. From 
this image a rapid assessment of layer integrity was possible. Overlapping grains 
resulted in the layers being slightly distorted.
An EELS line profile (fig 4.8) was performed on the areas shown in the STEM 
images (fig 4.7) in order to give an indication of the level of interdiffusion occurring 
between the Ti and Al layers These profiles were obtained by simple background 
subtraction of a set of dark current subtracted and gain-corrected spectra. The profile 
showed that there was some Al present in the Ti layers, whilst conversely there was 
no Ti in the Al layers. This profile gave no indication as to how much if any of the 
Ti had reacted with the Al to form any intermetallics. It is also possible that some 
of the Al signal could be due to misalignment of the interface or/and beam 
broadening. However, the interfaces were aligned edge-on to the incident beam via 
minimisation of the apparent layer width as well as the observation of the symmetry 
of the Fresnel fringes upon defocusing the image and this, together with the effect of 
beam broadening for a sample typically 50nm thick, is estimated to contribute to a 
total interface broadening of only a few nanometres (Lorretto 1994). Hence it is 
believed that fig 4.8 is a true representation of the Ti and Al profiles. Al L^^ and Ti 
L  ^3 ELNES measurements may be used to provide complementary information on the 
local electronic structure associated with Ti and Al both across the interface and 
within the Ti layers (Brydson 1995). Measurements on standards showed significant 
differences between the Al L^ 3 and Ti L  ^3 ELNES of the pure metals and the various
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Ti-Al intermetallics. This arises from the hybridisation between the Ti 3d and Al 
3s/3p bands in the intermetallics, which leads to a change in both the normalised 
white line intensity ratio at the Ti  ^ edge (this decreases from Ti^Al to TiAl) and 
an alteration in the intensity at the Al 3 edge onset relative to the pure metal (Lie 
e ta l ,  1996, 1997).
The measured Al L  ^3 ELNES profile showed no significant or reproducible difference 
between the Al in the Al layers and the Al present in the Ti layers or at the interface 
(fig 4.9). Furthermore, there was no apparent difference in the Ti L^ g ELNES 
between the Ti in the layers and at the interface (fig 4,10). The implication of this 
is that at least in this particular area of RC51 alloying appeared not to have occurred 
between the Ti and Al layers (see section 2.3).
EFTEM elemental mapping was employed to obtain an indication of layer uniformity 
over a larger specimen area than that possible from STEM line profiles and high 
angle annular dark field ("Z-contrast") images. The results from three separate series 
corresponding to various positions in the sample are shown in figures 4.11 to 4.14. 
In all three series overlapping grains resulted in layer distortion in the bright field 
images. The jump ratio images recorded have a smaller contribution from diffraction 
effects than from ’ti‘ue element maps’, however there is still some residual diffraction 
contrast in these images. In subsequent work by Hofer and Warbichler (1996), it was 
found that this residual diffraction effect in the jump ratio images could be completely 
eliminated if the jump ratio map was recorded under rocking beam illumination. The 
elemental maps of Ti and Al, which retained diffraction contrast, could be 
superimposed and coloured to produce colour maps (figs 4.12, 4.14) using Gatan’s 
Digital Micrograph software package (see section 3.5.1). Fig 4.12 shows some 
undulations in the layers. At position A the map clearly shows layer breakdown. 
The Ti layers in this map should be red but in many areas the Ti layers are shown 
as yellow indicating the presence of Al in the Ti layers. This confirmed the results 
from the EELS line profile, which indicated that some Al was present in the Ti
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from an initial tliickness of 15nm to a maximum of 50nm. In region A the layers had 
broken down. This could correspond to a critical Al thickness at which reaction 
between the Ti and Al layers occurred or it may be due to an area where the 
depositing Al or Ti atoms did not form a complete layer coverage. This change in 
growth mode from layer by layer to island could be indicative of strain in the 
multilayer.
The series 2 colour map corresponds to an area of interlayer breakdown (fig 4.20). 
The map clearly shows where the original layers were and their degree of 
degeneration. Series 3 corresponds to a near perfect region of layers (fig 4.21). It 
appears that very little, if any, diffusion had occurred in this case, with the Ti and 
Al layer thicknesses at 15nm and 50nm respectively. By extracting intensity line 
profiles from the Al map in fig 4.21 it was possible to observe “concentration steps” 
at the interface (fig 4.22). Furthermore, on moving from left to right, the height of 
these steps is different on the Ti/Al interface as opposed to the Al/Ti interface. This 
could imply that directional interdiffusion had taken place in a region of about 5 nm 
from the interface.
In regions where the layers had broken down, SAED showed a polycrystalline ring 
pattern that could be indexed to TiAl, Ti^Al and TiAl^ (fig 4.23). It is hard to be 
definitive about the identification of some of the rings as they are very close together. 
However, it is clear that no rings corresponding to f.c.c. Al or h.c.p. Ti were 
present. This shows that in some areas of layer breakdown alloying had occurred.
In regions where the layers appeared intact and homogeneous, SAED showed the 
presence of f.c.c. Al and another fc.c. phase. For example figure 4.24 shows a SAED 
pattern which is consistent with the presence of two overlapping <110>A1 SAED 
patterns and a <112>fcc(Ti) SAED pattern. Microdiffraction (figure 4.25) and EDX 
analysis confirmed that the f.c.c. phase was Ti. Faint spots visible between these 
patterns are attributed to superlattice reflections from TiAl.
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HREM (see also section 3.6) work showed a ’tri-layer’ structure in the Ti layer, 
which appeared to comprise of TiAl (7 ) and f.c.c. titanium (fig 4.26). These layers 
were identified by a combination of diffractograms and measurement of lattice plane 
spacings and angles. The diffractograms indicated that the middle portion of the ‘tri- 
layer’ structure was a f.c.c. phase. Microdiffraction and EELS confirmed this phase 
to be Ti.
A large X-ray scan was performed as described in section 3.8. A three dimensional 
map (fig 4.27) was produced and from this a projected X-ray scan (fig 4.28). The 
peaks in the scan showed the presence of Ti^Al, TiAl, TiAl^ and pure Al. No Ti in 
either h.c.p. or f.c.c. form were detected. Having done such a large scan it was 
unlikely that the orientation of the sample was not favourable for X-ray detection. 
More likely any Ti present was below the detection limit of the instrument, which is 
estimated at 5%. From HREM result the thickness of the f.c.c. Ti layer can be 
estimated as being less than 4nm. The repeat layer thickness for RC49 did vary but 
could be approximated to 65nm. This would give an estimated maximum f.c.c Ti 
concentration of <  6 %, which would be close to the detection limits of the XRD 
technique.
4.3 DISCUSSION OF THE MICROSTRUCTURES OF THE THERMALLY 
EVAPORATED LAMINATES
4.3.1 Microstructure of thick thermally evaporated vapour deposited laminates
Movchan and Demchishin (1969) developed a structural model for the growth of 
vapour deposited condensates (see also section 2.8.1). They examined the influence 
of substrate temperature T on the structure of thick coatings deposited at high rates 
by electron beam evaporation. According to Movchan and Demchishin a fully 
equiaxed structure should exist at T /T^>0.45, which they termed Zone 3 (see figure 
2.8). Thornton (1974) extended their model to take into account deposition by
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Sputtering. He found no Zone 3 equiaxed grains in Ti or Al coatings. From this 
work Thornton stated that the structure of the coatings varied according to the coating 
atom energy, the angle of incidence of the impinging atoms, the exposed 
crystallographic surfaces and the presence of foreign atoms as well as the substrate 
temperature.
The melting point of Ti is 1945K and as such Zone 3 equiaxed grains would be 
expected to occur in Ti deposits for substrate temperatures greater than 875K. 
Movchan and Demchishin (1969) observed an equiaxed structure for temperatures 
greater than 976K. However, Bunshah and Juntz (1973), who also studied Ti 
condensates, found that the structure remained columnar up to 1109K, which is the 
alpha-beta Ti transformation temperature. At deposition temperatures above 1109K 
the microstructure consisted of the Ti beta phase, which on cooling transformed to 
the alpha phase resulting in a typical transformed beta structure. This structure could 
be mistaken for an equiaxed structure, which casts some confusion over the claims 
by Movchan and Demchishin.
The melting point of aluminium is 933K (660°C) and from the model of Movchan and 
Demchishin one would expect equiaxed grains to exist at substrate temperatures 
>419K and for columnar structures to exist at substrate temperatures between 233K 
and 419K.
The microstructure of laminates RC60, 49 and 51 are summarised in table 4.2. The 
results show that non-porous equiaxed Al rich microstructures incorporating a 4nm 
thick Ti layer were being produced at substrate temperature of 523K i.e. for T /T ^=  
0.56.
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Table 4.2 Microstructures of thick PVD thermally evaporated Ti/Al laminates
Material
Designation
Substrate 
Temp (K)
T/T„
for
Al
T/T„
forT i
Microstructure
Type
Average 
Ti layer 
thickness (nm)
RC60 383 0.41 0.19 Columnar 18
RC51 523 0.56 0.27 Equiaxed 4
RC49 563 0.6 0.29 Equiaxed 15
4.3,2 Foniiatioii of Intermetallics
In the case of laminates RC51 and RC49 both X-ray diffraction and electron 
diffraction showed that a range of intermetallics namely Al^Ti, TiAl, Ti^Al existed 
in the laminates in the as deposited condition. The SAED polycrystalline ring pattern 
shown in fig 4.23 implied that in areas of interlayer breakdown some alloying had 
occurred. The EELS Hue profile for RC51 (fig 4.8) showed that even in areas where 
the layers appeared to have an abrupt interface there was some diffusion of Al into 
the Ti layers.
There are a number of ways in which the intermetallics could have formed in the as 
deposited laminates:
ii Intermetallic formation due to atom impingement.
For metals deposited on metals it has been found that the condensing atoms can 
penetrate into the substrate surface at temperatures which would not normally result 
in any interdiffusion (Pashley 1985). For example, Cu deposited on Au at 393K 
initially formed a Cu-Au alloy layer before the Cu atoms built up as three
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dimensional islands on top of this layer. From this it was deduced that the kinetic 
energy of the arriving Cu atoms was sufficient to allow some penetration into the Au 
surface (section 2.3). On this basis it would be reasonable to expect the occurrence 
of titanium intermetallics at the interface between two nanolayers. If this were to be 
the case, then one could expect the concentration profile of the intermetallics to be 
peaked and asymmetrical in favour of the direction of impingement. In some cases, 
as shown in fig. 4.20, layer breakdown had occurred to such a large extent that 
conclusions of this nature could not be drawn. However, at the bottom of fig 4.19 
diffiision appears to have been favoured in the left to right direction and as previously 
discussed in fig 4.21 there exists a similar asymmetry in the intensity line profiles.
Shao et a l , (1997) observed a solid solution of Fe in Al in Fe/Al laminates made by 
PVD. The existence of this phase was attributed to the adsorption of Al on a Fe 
substrate during PVD.
iil Intermetallic formation due to thermal diffusion
Although the temperatures involved during the deposition process were low when 
compared with those required for intermetallic formation in bulk specimens, it is 
reasonable to assume that the driving forces for layer breakdown across nanometre 
sized interfaces would be greater than those experienced in bulk systems. Some 
preliminary work by Nathan and Ashearn (1993) suggests that when 4.2nm Al layers 
and 5.3nm Ti layers were reacted together at 873K for 5 minutes the compound 
formed was TiAl (see section 2.7.1). Although both RC49 and RC51 were deposited 
at 563K and 523K respectively, they were held at these temperatures for at least 2 
hours, which could have enabled some diffusion to occur.
In samples RC60, RC51 and RC49, although the substrate was rotated, one would 
expect the build up of the deposit to be greater at the centre of the substrate as 
compared to the edges of the substrate (fig 2.7). In the case of the EB-deposited
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materials this variation can be as great as 1mm. This lateral variation in thickness 
across the diameter of the deposit would effect heat transfer through the thickness of 
the deposit (and thus diffusion) as would the presence of localized pores and defects. 
Although the macroscopic variations in thickness would not be expected to be 
sampled in one TEM specimen, the presence of localized defects could account for 
the observed differences across a single TEM sample from regions of near perfect 
layering to total layer breakdown.
iiil Intermetallic formation during the long (20 yearl storage period of the RC 
specimens.
As far as it is documented, the RC samples were stored at room temperature. After 
a 20 year storage period some interdiffusion could have occurred. However, this 
would be expected to show up more uniformly throughout the sample.
ivl Intermetallic formation during TEM specimen preparation
The possibility of intermetallic formation during specimen preparation was carefully 
guarded against by ensuring that the samples were not heated during any part of the 
thin foil preparation and that cryo-milling was used. It would also be hard to account 
for the variation in layer integrity throughout the foils, if it were solely attributed to 
the sample preparation technique.
Thus it is concluded that the intermetallics were formed during deposition due to atom 
impingement and incorporation in the deposit and/or as a result of interdiffusion at 
the Ti/Al interface, the latter assisted by local variations in the substrate temperature. 
This could explain the observed variations in microstructure in both the lateral and 
through thickness directions.
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4.3.3 Structure of Titanium
In Section 2.7.2 the formation of f.c.c. Ti in multi-layered systems was discussed. 
Ahuja and Frazer (1994A) found that at CMWs of 9.8nm the Ti underwent a 
transformation to a f.c.c. structure. At CMWs of 5.2nm they observed both Ti and 
Al depositing as h.c.p.
In laminate RC49, which had an average Ti thickness of ISnm, microdiffraction 
showed the presence of f.c.c. Ti (fig 4.25). HREM indicated that the f.c.c. Ti region 
was approximately 4nm thick (fig 4.26). This result is in agreement with the work 
of Ahuja and Frazer, who found f.c.c. Ti in layers 4.9nm thick. Jankowski and 
Wall (1994) also reported the presence of a f.c.c. Ti phase in Ni/Ti multilayers for 
CMWs of 1.3nm.
Schechtman et al,, (1994), who were unable to detect f.c.c. Ti by X-ray diffraction 
concluded that the f.c.c. phase was an artifact of cross-sectional cryo-ion beam 
thinning. The X-ray diffraction scans for both laminates RC51 and RC49 showed no 
f.c.c. Ti or h.c.p. Ti. It was concluded that the lack of Ti peaks was due to the low 
concentration of Ti in the samples. The conclusions of Schechtman et ah, cannot be 
discounted as no f.c.c. Ti phase was found in the X-ray scans performed on laminates 
RC49 and RC51.
Suryanarayana (1995) reported that during mechanical alloying of Ti alloys the 
majority of studies indicated the formation of a f.c.c. phase. Titanium is a very 
reactive metal and thus it can easily form interstitial compounds with oxygen, 
nitrogen etc. (see also table 2.2). During mechanical alloying the powders are 
usually milled under a protective Argon environment. However, many workers such 
as Guo et ah, (1992) have reported that their powders, milled for 30 hours, contained 
32.6 at%N. As such the f.c.c. phases reported in mechanical alloyed powders are 
believed to be TiN.
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EELS line scans and maps across samples of laminates RC49 and RC51 showed no 
peaks for 0 ,C  or N. From this it can be concluded that the 0 ,C  or N content of the 
samples is less than 1 at%.
HREM showed a tri-layered structure of f.c.c. Ti sandwiched between TiAl (fig 
4.26). Denquin and Naka (1996) studied the phase transformations involved in two 
phase Ti-Al based alloys. They concluded that the formation of the a^-y lamellar 
structure occurs from the precipitation of 7  lamellae in either disordered a  or an
ordered matrix. There is still controversy about the mechanism by which this 
structure develops. Both Denquin and Naka (1996) and Zhang et al. , (1996) believe 
that the h.c.p. Ti to 7  massive transformation occured via an intermediate f.c.c. 
phase. Zhang et ah, (1996) concluded that in the early stages of massive growth 
from the prior a!a. boundary the 7  (massive) retains the LI^ structure whereas, as the 
interface accelerates, it forms the f.c.c. phase instead. If the above hypothesis were 
correct, then the tri-layered structure seen in laminate RC49 could be considered as 
evidence of a massive transformation, which was frozen in-situ.
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Fig. 4.1 SEM micrograph of as deposited laminate RC60, region 1: substrate, 
region 2: Al keying layer, region 3: nanolayers.
Fig. 4.2 SEM micrograph of as deposited laminate RC60 showing the columnar 
microstructure of regions 2 & 3.
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Fig. 4.3 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC60.
120nm
Fig. 4.4 SEM micrograph of as deposited laminate RC51 showing no columnar 
grains in bulk microstructure.
ttcTie»j 2
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Fig. 4.5 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC51.
30nm
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Fig. 4.6 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC51 showing Ti layers spreading into Al layers.
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Fig. 4.7 STEM high angle annular dark field image of laminate RC51 in cross- 
section showing Z contrast,
a) Bright Field
100 nm
b) Dark Field
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Fig. 4.8 EELS line profile for as deposited laminate RC51 acquired in the 
STEM across a number of Ti/Al bilayers.
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Fig. 4.9 ELNES Al spectra from within Al and Ti layers of as deposited 
laminate RC51.
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Fig. 4.10 ELNES Ti spectra from within Ti layer and at the interface of laminate 
RC51.
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Fig. 4.11 Series 1 micrographs for as deposited RC51 laminate showing bright 
field image and Al and Ti PEELS maps.
FELMI TU-Graz
200 nm
Me I Bf/AJ/Ti com p
Ti-AI-nanolayers (RC51)
series 1
V = 100.000 X
4.23
Chapter 4: Charactersation of Thermally Evaporated Laminates
Fig. 4.12 PEELS colour map of series 1 for as deposited laminate RC51.
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Fig. 4.13 Series 5 for as deposited laminate RC51 showing bright field image and
A1 and Ti PEELS maps.
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Fig 4.14 PEELS colour map of series 5 for as deposited laminate RC51.
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Fig. 4.15 X-ray diffraction scan for as deposited laminate RC51.
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Fig. 4.16 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC49.
50nm
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Fig. 4.17 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC49 showing fanning of layers.
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Fig. 4.18 Bright field cross-sectional TEM micrograph of as deposited laminate 
RC49 showing layer breakdown.
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Fig. 4.19 PEELS colour map of series 1 for as deposited laminate RC49.
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Fig. 4.20 PEELS colour map of series 2 for as deposited laminate RC49.
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Fig. 4.21 PEELS colour map of series 3 for as deposited laminate RC49.
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Fig 4.22 A1 intensity profile extracted from colour map fig. 4.21 of as deposited 
laminated RC49.
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Fig 4.23 SAED from laminate RC49 showing polycrystalline ring pattern, which 
can be indexed to TiAl, Ti^Al and TiAl^ (camera length 83cm).
TLAl
TiAl^ / Ti,Al
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Fig. 4.24 Selected area diffraction pattern of as deposited laminate RC49 showing 
two overlapping <110>A1 SAED patterns and a <112>fcc(Ti) SAED pattern. Faint 
spots visible between these patterns are attributed to superlattice reflections from TiAl. .
Fig. 4.25 Microdiffraction pattern of f.c.c T i(ll2 j, layer in as deposited laminate 
RC49.
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Fig. 4.26 HREM picture of tri-layered titanium region in as deposited 
laminateRC49. Region comprising of layered 7 / f.c.c. Ti /y.
W-. A
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Fig. 4.27 3 dimensional X-ray map of as deposited laminate RC49.
^  cv) in ■>- (N •<- 0-1 
^  Uz ■ ■ ■ ■
4.37
Chapter 4: Characterisation of Thermally Evaporated Laminates
Fig. 4.28 X-ray scan of as deposited laminate RC49 compressed from 3 
dimensional map in Fig 4.27.
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CHAPTERS
CHARACTERISATION OF ELECTRON BEAM 
EVAPORATED LAMINATES
5.1 INTRODUCTION
All the electron beam evaporated laminates (given the prefix EB) were made using 
the PVD apparatus at DERA Famborough (see also section 3.1,3). The laminates 
produced are given in table 3.1. The results of the microstructural characterisation 
are presented in this chapter with the alloys discussed in the order of their production.
5.2 THE MICROSTRUCTURES OF THE LAMINATES
5.2.1 Laminate EBRC4
Nominally, the laminate had equal layer thicknesses of ljum comprising of 
commercially pure aluminium and *Ti-6Al-4V layers. The run lasted 80 minutes, the 
final laminate thickness was approximately ISOjLtm and the substrate temperature was 
593K.
SEM examination of the layers showed that there was some variation in individual 
layer thickness through the laminate. The layers were very undulating and there was 
evidence of some substrate initiated flaws. The material was extremely brittle and 
during the mounting and polishing procedure it had broken up in a number of areas 
(figs 5,1 and 5.2). No columnar structure was present. Back scattered imaging in
5.1
Chapter 5 : Characterisation of Electron Beam Evaporated Laminates
the SEM revealed that the A1 and Ti layers were approximately 0.2/im and l^m  thick 
respectively.
EPMA was used in order to assess interface concentration profiles between A1 and 
Ti. At lOkV the video image of a  cross-section of EBRC4 was good but the lateral 
spread of the beam was larger than the individual lamina thickness. Because of this 
no change in the elemental profiles was observed. At 6 kV the lateral spread of the 
beam was less than ljum but the count rate was so low that no changes in the 
elemental profiles were observed. Quantitative analysis of the bulk material revealed 
that the Ti and A1 concentrations varied from 75-80 atomic % and 15-20 atomic % 
respectively. EPMA line scans showed some iron contamination of the laminate, 
which was assessed to have come from the deposition chamber. The chamber was 
thoroughly cleaned and no further iron contamination was observed in subsequent 
samples.
X-ray diffraction of the as deposited laminate revealed peaks corresponding to the 
AljTi, cKg and 7  phases, in addition to A1 and Ti peaks (fig 5.3). This result showed 
that in the as deposited condition the individual laminae of Ti and Al had reacted to 
form intermetahics such as Al^Ti, and 7 . In terms of the equilibrium Ti-Al phase 
diagram (see fig. 2.6) a composition of 75-80 atomic % Ti and 15-20 atomic % Al 
lies within the a  -I- phase field. As such the observed 7  (TiAl) and Al^Ti phases, 
are non-equilibrium phases. SEM examinations did not find regions where the layers 
had completely broken down. Thus it was concluded that the intermetallics had 
formed at the interface between the Ti and Al layers.
Auger line scans for O, Ti and Al were taken across a ball cratered sample and Auger 
maps produced (figs 5.4 and 5.5) (see also section 3.9). O was closely associated 
with the Ti layer although it wasn’t clear whether this was due to the presence of a 
surface oxide layer. There appeared to be Ti present in the Al layers, which could 
correspond to areas of intermetallic formation. The ball cratering had ’tom’ the
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sample rather than abrading it, which was also indicative of the brittle nature of the 
laminate.
5.2.2 Laminate EBRC7
Nominally the laminate had equal layer thicknesses of 120nm comprising of 
commercially pure Al and T1-6A1-4V layers. The run lasted 210 minutes, the final 
laminate thickness was approximately SOCjtim thick and the substrate temperature was 
573K. Although this laminate was substantially thicker than EBRC4, it was still 
much thinner than the thickness of l-3mm required for ’full scale’ mechanical testing. 
As the research programme advanced greater control over the apparatus allowed 
thicker deposits to be made (see below and table 3.1).
Back scattered imaging in the SEM revealed a banded structure across the thickness 
of the sample. This banding (marked B) was attributed to variable evaporation rates 
during the deposition process. There was evidence of substrate initiated flaws in the 
layered deposit. Also there was evidence of columnar grains (fig 5.6).
TEM showed the thickness of the Ti and Al layers to be approximately lOOnm and 
20nm respectively. From this it was clear that although estimates of Ti layer 
thicknesses were fairly accurate, the estimation for the Al thickness was extremely 
poor. In subsequent runs the power input to the Al rods was increased, whilst that 
to the Ti rods decreased in order to achieve equal layer thicknesses between Ti and 
Al.
It was apparent that the nickel plating used to increase the mechanical stability of the 
sample during TEM sample preparation (see also section 3.4.1.3) also reduced the 
quality and extent of the thinned regions suitable for TEM studies. Nickel was 
chosen partly because of its similar rate of ion beam thinning as compared to both Ti 
and Al. However, there were many regions where the Ni had not thinned sufficiently
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and as such was obscuring the Ti and Al layers. This limited the amount of TEM 
work possible on the sample. Subsequent laminates possessed greater mechanical 
stability and, as such, did not require a plating process prior to TEM sample 
preparation (see also section 3.4.1.4).
EBRC7 was examined by RBS, which confirmed a layered structure with bi-layer 
thickness of between 100-150nm. This was a similar result to that obtained by TEM. 
However, the RBS measurement was confined to the top few microns of the sample. 
The spectra also showed that there was a high degree of interface roughness, which 
was demonstrated by the change in the spectrum as the incident beam angle was 
changed from 23° to 0°. The scan also showed that some Ti was present in the Al 
layers (fig 5.8, 5.9).
5.2.3 Laminate EBRCIO
Nominally the laminate had equal layer thicknesses of lOnm comprising of 
commercially pure Al and Ti layers. The run lasted 360 minutes, the final laminate 
thickness was approximately 2000jLtm and the substrate temperature was 618K. This 
was the first laminate made with a thickness that enabled full scale mechanical 
testing.
SEM examination revealed that the microstructure of the deposit was columnar with 
both substrate initiated flaws and splat defects (figs 5.7, 5.10 and 5.11). Banding was 
also present, as seen previously in EBRC7 (fig. 5.6). For this material the T/T^ for 
Al=0.66 and for Ti T/T^=0.3 and one would therefore expect an equiaxed Al layer 
and a columnar Ti layer from the Movchan-Demchishin model. However, the sample 
displayed a columnar structure throughout, which indicated that the Ti layers were 
controlling the overall microstucture. This microstructure could also be partly 
attributed to the rough substrate, which would be expected to promote Zone 1 growth.
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TEM investigations of EBRCIO revealed stressed layers, which undulated within each 
columnar grain (fig 5.12). SAED showed no orientation relationship between 
successive layers and as such did not suggest epitaxial growth. Electron diffraction 
patterns showed Al deposited along <  111> with twinning about the {110} planes.
It was possible to obtain diffraction patterns which indicated the presence of 7 -TiAl 
within the as-deposited material. Diffraction patterns were also taken from the Ti 
layers which indicated h.c.p. Ti zone axis [01-10]. Diffraction patterns of f.c.c. Ti 
were obtained along the [-122] zone axis (fig. 5.12).
EELS line profiles across a number of layers indicated that the Ti and Al layer 
thicknesses were between ll-15nm  and 7-8nm respectively (fig 5.13). The profiles 
also showed a high degree of residual Ti present in the Al layers and conversely little 
Al present in the Ti layers. Some of this apparent interdiffusion could be attributed 
to layer undulations in the electron beam direction.
ELNES showed a small but reproducible change in the Ti L^  ^edge from the Ti in the 
Ti layers and that present in the Al layers, most notably a broadening of the peak 
similar to that observed in TiAl (Lie et ah, 1996, 1997), which confirmed that some 
alloying occurred in the as deposited material (fig. 5.14).
EFTEM was used to assess the degree of Ti and Al distribution in different regions 
of the laminate. Fig 5.15 shows the elemental maps for the Ti edge(455eV) and 
the Ti M 23  edge (40eV). The lower energy Ti M^^ edge has greater intensity than 
the Ti L^ 3  edge but background subtraction is more difficult. From fig. 5.15 it is 
clear that some intensity is lost by using the Ti L  ^3 edge but the image resolution is 
better when compared with the image obtained using the Ti M^ 3 edge.
Fig. 5.16 shows the bright field TEM image with corresponding Ti and Al ratio 
maps. The bright field image exhibits little contrast and the individual layers are hard 
to differentiate. The ratio maps provide much better contrast and resolution of the
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layers. The colour map for series one, shown in fig. 5.17, shows Ti as green and 
Al as red. The bottom left hand comer of the image (marked D) is due to a 
diffraction contrast effect and not a true representation, Thi^ is a result of the area 
being too thick for an appropriate jump ratio image to be obtained. Across the rest 
of the area it appears that the Al layers contain an amount of Ti (Al layers are shown 
as yellow), which confirms the results seen from the EELS line scan (fig. 5.13).
The colour map for series 3 (fig. 5.18) shows some layer breakdown and broadening 
of the Ti/Al interface region. The width of mixing between the Ti and Al layers is 
approximately 7nm at position A reaching a maximum of 12nm at position B where 
it appears that the layers had completely broken down. At position C there is a 
discontinuity in the Al layer, which could be due to an area where Al was not 
deposited as a continuous layer. Conversely, some of the central regions in fig. 18 
show sharp clear interfaces.
The colour map for series 5 (fig. 5,19) corresponds to a bright field TEM image in 
which the layers are very indistinct. There is evidence of layer breakdown and 
mixing with very few regions showing sharp distinct interfaces. All of these EFTEM 
images corroborate the EELS results which show residual Ti present in the Al layers. 
It is reasonable to assume that in some of these diffuse regions intermetallics had 
formed, which has been corroborated by the electron and X-ray diffraction results. 
The images also suggest that these intermetallics had probably formed at layer 
interfaces.
Bulk X-ray diffraction confirmed the presence of Ti, Al, TiAl and Ti^Al in the as 
deposited material (fig. 5.20). There was no evidence of TiAl^. Another scan taken 
at an offset of 2° showed peaks corresponding to h.c.p. Ti, Al, Ti^Al and two peaks 
at 35.47° and 103.70° (fig. 5.21). These peaks could be attributed to f.c.c. Ti 
(Jankowski et a l,  1994 predict peaks for f.c.c. Ti at 35.34° and 103.75°). However, 
Schechtman et al, (1994) felt that the 35.19° peak, which they observed, should be
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attributed to the 35.09° peak for h.c.p. Ti since they did not see the f.c.c. Ti (200) 
at 40.8° and the (220) at 59.06° peaks. In this study the f.c.c. Ti (200) and (220) 
peaks for as deposited EBRCIO were also not seen. Thus it would be fair to question 
the validity of assigning the 35.47° and 103.70° peaks to f.c.c. Ti. The closest 
alternatives for the 35.47° and 103.70° peaks are; 35.09° for h.c.p. Ti, 35.95° for 
Ti^Al; 101° for TiAl, 105.2° Ti^Al.
It is reasonable to assume that if f.c.c. Ti exists it may have a preferred 
orientation/texture, which would require precise aligning of the incident X-ray in 
order to detect it. It would be possible to crush the material into a powder to remove 
some of the texture. However, it has been postulated that the presence of f.c.c. Ti 
is as a consequence of the TEM sample preparation route (Schechtman et al, 1994). 
As such crushing EBRCIO prior to X-ray diffraction would only add confusion to the 
analysis. However, the peaks corroborate the f.c.c. Ti electron diffraction pattern 
(fig. 5.12) and thus it is suggested that the 35.47° and 103.70° peaks correspond to 
f.c.c. Ti.
High resolution TEM images were taken (figs 5.22 and 5.23). These images show 
areas of twinning and the wavy nature of the Ti and Al layers. The fast fourier 
transform (EFT) images obtained from figs 5.22 and 5.23 were obscurred by clutter 
and as such no confident phase identification can be made. Regions rich in Ti and 
in Al have been marked on the figures.
RBS was unable to distinguish the individual layers. This was due to the peaks in the 
RBS scan overlapping because of the wavy nature of the Ti/Al interfaces.
5.2.4 Laminate EBRC14
Nominally the laminate had equal layer thicknesses of l^m  comprising of T1-6A1-4V 
and layers. The run lasted 169 minutes, the final laminate thickness was
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approximately lOOOjum and the substrate temperature 603K.
Back scattered SEM images showed that the yttria layer was discontinuous and that 
a large degree of porosity existed between the layers (fig. 5.24). The Ti and yttria 
layers were approximately ljum and 0.3^m thick respectively. The discontinuity of 
the yttria layer was related to the high degree of spitting from the yttrium rod during 
the deposition process. At this stage it was apparent that much more work would be 
required to control the evaporation rate of the yttrium rod in order to produce high 
quality ceramic metal multilayers. EBRC14 showed that in principle the technique 
allows the formation of ceramic metal multilayers. The EBRC14 sample was too 
porous to withstand thinning to produce a TEM specimen.
5.2.5 Laminate EBRC35
Nominally the laminate had equal layer thicknesses of lOnm comprising of 
commercially pure Al and Ti layers. The run lasted 455 minutes, the final laminate 
thickness was approximately 1500/xm and the average maximum substrate temperature 
was 498K.
This run was performed to mimic EBRCIO (nominally lOnm layers deposited at 
618K) except that it was attempted to keep the substrate temperature as low as 
possible. However, during the' deposition the substrate temperature rose to a 
maximum of 498K (225°C).
SEM showed that the sample exhibited a typical Zone 1 porous microstructure 
consisting of tapered crystallites separated by voids with the polished surface 
appearing tom (fig 5.25). There was also evidence for the growth morphology being 
significantly effected by intergrain shading. Quantitative EPMA over a large area 
gave the composition of 57 at % Ti and 43 at % Al. This equates to layer 
thicknesses of approximately llnm  for Ti and S.Snm for the Al layers. TEM samples
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showed that the layers were very diffuse and that layer thicknesses varied from 2 0 - 
lOnm. Fig 5.26 is a cross-sectional bright field TEM image of EBRC35 and shows 
the layer interfaces to be diffuse.
X-ray diffraction identified the same phases as those seen in EBRCIO, namely Ti 
(h.c.p.), Al, TiAl, TigAl, and three peaks for Ti (f.c.c.) at 35.47° ,70.94° and 119.56° 
(fig 5.27). EBRCIO exhibited a peak at 35.47° corresponding to f.c.c. Ti, which 
agrees very well with the results for EBRC35. Only one Ti^Al peak appeared in the 
X-ray scan. The peak at 77.83° is slightly lower than that expected for Ti^Al (i.e. 
78.00°). An added complication is that the 78.00° peak for Ti^Al is extremely close 
to the TiAl peak at 78.08°. Thus it is not clear whether EBRC35 contained any 
Ti^Al.
5.2,6 Laminate EBRC36
Nominally the laminate had equal layer thicknesses of 5jttm comprising of 
commercially pure Al and Ti layers. The run lasted 270 minutes, the final laminate 
thickness was approximately llOOjum and the substrate temperature 573K.
Fig 5.28 shows a back scattered SEM image of the laminate. The layers appeared 
regular with a consistant bi-layer thickness of approximately 12jum. However, the 
individual thickness of the layers was difficult to measure due to the pronounced 
streaking of Al into the Ti layers. The Al layers varied from 9^m to 1.5jum. Fig 
5.29 shows a Ti X-ray map and clearly shows the Al penetration into the Ti layers. 
This penetration is very pronounced in the deposition direction. There appears little 
penetration from the Ti layers into the Al layers, which is shown by the abrupt Ti 
interface. The colour X-ray map for Al and Ti (figs 5.30 and 5.31) highlight these 
observations.
Cross-sectional bright field TEM imaging showed that the layers were non-epitaxial.
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Fig 5,32 shows a dark Ti layer, which appears to have relatively sharp layer 
interfaces. SAED showed Al zone axis [ -1,1,0] and Ti zone axis [01-10]. Dark field 
imaging was performed by placing the objective aperture around the Ti (2-1-10) spot. 
Fig 5.33 shows this dark field image where light areas are Ti regions with a zone axis 
[01-10]. This figure shows the non-epitaxial nature of the deposit and blurred regions 
around the interface with the Al layer. The Ti layer does not appear homogeneous 
with regions of dark contrast appearing throughout its width. Some of these blurred 
regions could be due to sample bending and poor thinning, while others could be due 
to areas of intermetallic formation.
An X-ray scan of EBRC36 showed multiple peaks corresponding to Ti, Al TiAl and 
TijAl (fig 5.34). Only one peak was seen for Al^Ti at 82.21°, which is slightly less 
than the expected value of 82.26°. The next nearest peak would be Ti at 82.36°. 
However, since every other labelled Ti peak on this scan was within 0.01° of the 
expected Ti peaks, the peak at 82.21° was confidently labelled as Al^Ti.
5.2.7 Laminate EBRC38
This laminate was graded with layers thicknesses ranging from of 0.5-3.5^m 
comprising of commercially pure Al and Ti (fig 5.35). The run lasted 345 minutes, 
the final laminate thickness was approximately llOOjum and the substrate temperature 
508K.
SEM examination allowed measurements of the layer thicknesses, which are shown 
in table 5.1. The layers themselves were very undulating and it was noticed that the 
undulations became worse as the distance from the substrate increased. The sample 
appeared equiaxed. Fig 5.36 shows the Al layers streaking into the Ti layers as seen 
in EBRC36 (see fig 5.28). In this image the streaking is greater than for EBRC36 
and in some regions (S) the Al has streaked completely through the Ti layer. Again 
it is apparent that the Al layers streak in the deposition direction and not in the
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growth direction.
Table 5.1 Thickness of Ti/Al layers in graded EBRC38
Layer Type Layer thicknesses in /tm
Al 3.5 2.4 0.5
Ti 3 1 1
The TEM image in fig 5.37 shows further details of the undulating layers. The Ti 
layers appear to have a diffuse interface with the Al layers. With these thicker layers 
the preferential thinning rate of Al with respect to Ti means that in order to observe 
the Al layer the Ti layer is still too thick for analysis thus if one were to continue 
thinning to facilitate the analysis of the Ti layers then the Al layers would thin to 
destruction. The TEM micrograph in fig 5.38 shows how the layers had broken 
down and that there was no discrete layer interface. At the magnification of the 
micrograph it is not apparent whether there was any preferred direction for layer 
breakdown.
X-ray diffraction (fig 5.39) showed multiple peaks for Ti, Al, TiAl, and Ti^Al. As 
for EBRC36 there was only one peak for TiAl^ at 24.33°’ which is a very poor fit for 
the closest peak of TiAl^ at 25.33°. The 24.33° peak was labelled as TiAl^ since it 
is the most likely phase. However, with such a poor fit it is not conclusive that 
EBRC38 contained any TiAl^.
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5.3 DISCUSSION OF THE MICROSTRUCTURES OF ELECTRON BEAM 
EVAPORATED LAMINATES
5.3.1 Control of Deposition Apparatus
The deposition apparatus evolved over the project life and many changes were made 
to the electronics and cooling systems to enable greater control over laminate 
fabrication. Early laminate runs, i.e. EBRC4 and 7, had problems with the rig which 
resulted in the runs being aborted sooner than planned and as a consequence the 
laminates were less than 500 microns thick. This meant that mechanical testing was 
not possible for these laminates. However, both laminates EBRC4 and EBRC7 
allowed an assessment of how laminae thicknesses and overall laminate quality could 
be controlled. Layer thicknesses were estimated from the speed of collector rotation, 
the power input to the feed rods and the final deposit thickness. An empirical 
relationship for estimating bilayer thickness is given by equation 5.1 (Dunford 1995).
E = c 1th
where, B^ is bilayer thickness, L^ is laminate thickness, T^ is deposition time and 
Rt is rotation rate.
Experimentally it was found that if power in the Ti rods was equal to 60% of the 
power in the A1 rods this resulted in approximately equal layer thicknesses.
The deposition apparatus allowed good control over the substrate temperature. 
However, it was found that during deposition the temperature of the substrate would 
rise without any external heat input from the operator. Since the substrate could not 
be cooled during deposition this limited the lowest temperature for deposition to
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498K.
The versatility of the deposition apparatus was demonstrated by the deposition of 
Yttria and Ti-6A1-4V layers to form the ceramic metal multilayer EBRC14. Although 
this laminate was porous and the yttria layers discontinuous, it promises great 
potential for future work. In principle any combination of materials could be 
deposited in the PVD rig. Future projects are looking at depositing Ti/Mg 
multilayers, two elements which possess no solubility with each other.
5.3.2 Defects in Laminates
Both laminates EBRC7 and EBRCIO showed banding in their microstructures, which 
was assessed to have been caused by variable rod evaporation rates. Most of the 
laminates showed signs of substrate initiated flaws as well as spits and flakes to 
varying degrees.
A spit is a small droplet ejected from the molten pool, which subsequently lands on 
the substrate and becomes incorporated into the deposit. Whilst a spit would not 
affect the yield strength of a bulk material it would affect the strength of 
nanolaminated systems. Spits also act as stress raisers and sites for fatigue crack 
growth (Bunshah 1982). For both these reasons spits are very undesirable in PVD 
materials .
Both spits and foreign particles on the substrate surface induce preferential growth of 
the deposit in their locality because of the higher exposure to the vapour flux than the 
general growing interface. These regions of preferential growth are described as 
flakes (Bunshah 1982).
Both spits and flakes were observed in all the electron beam samples but were more 
prevalent in EBRCIO. In EBRCIO, the substrate was roughened more than for
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EBRC7 in order to promote adherence of the deposit during deposition. In EBRC7, 
large chunks of the laminate fell off as it cooled within the deposition chamber. 
However, the extra roughening of the substrate for EBRCIO seems to have 
encouraged spit and flake formation and to have promoted a porous columnar 
macrostructure. In EBRC38 the layers undulated through the thickness of the sample 
getting progressively worse as the distance from the substrate increased. These are 
examples of how small imperfections are not covered up or incorporated in PVD but 
result in defects, which are magnified through the laminate thickness. A balance 
needs to be achieved to roughen the collector sufficiently for laminate adherence, 
whilst minimising substrate initiated flaws.
A spit could be suppressed by eliminating any porosity, oxide inclusions and 
compositional inhomogeneities in the évaporant source material. In EB evaporation 
the beam of electrons dissipates energy over a path extending as much as 25^m into 
the melt. If this rate of energy dissipation is faster than the source can accommodate 
by either evaporation, conduction or radiation then a pocket of vapour forms over the 
melt which will cause spitting. The use of a high purity vacuum melted rod with 
careful control over the evaporation rate would reduce spits in the deposit. However, 
high purity vacuum sources increase the cost of the process considerably. In our 
process we used cast rods, because it had been found experimentally that the 
evaporation rate was much higher when using these rods. The compromise was to 
achieve high rate deposition, which makes the process more economically viable, 
whilst producing high quality material. Another improvement in laminate quality 
could be achieved by lowering the power input to the rods (generally set at 3.5kW 
for Ti and 5.5kW for A1 in this work).
Flakes could be avoided by careful cleaning of the substrate and the evaporating 
chamber to eliminate foreign particles. The A1 collector used was sand blasted to 
promote adherence of the deposit. However, ridges on the substrate could produce 
flake-type defects by shadowing adjacent regions of the specimen surface. This was
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minimised by the initial deposition of a relatively thick (ljum) layer of A1 prior to 
nano-layer deposition to try and smooth over substrate ridges. However, for 
EBRCIO, for which the roughest collector was used, the initial thick layers of A1 and 
Ti did not appear to substantially reduce collector initiated defects.
The thermally evaporated laminates had far fewer imperfections in terms of spits and 
flakes than the electron evaporated laminates. Part of this could be attributed to the 
slower rate of thermal evaporation as compared with electron evaporation.
5,3.3 Microstructure of thick electron beam evaporated laminates
The results for the microstructures of the electron beam alloys are summarised in 
table 5.2. The model by Movchan and Demchishin (1969) predicts that a fully 
equiaxed structure should exist at T/T^ >  0.45. In the case of Ti none of the material 
has been deposited at T /T^>0.45, whilst for A1 all the samples have been deposited 
at T /T ^>0.45 . From this one may expect the Ti layers to be columnar or tapered 
crystallites (for EBRC35) and the A1 layers to be equiaxed. In all the electron beam 
evaporated laminates there was more Ti than A1 present. As such one might expect 
the Ti to drive the microstructure. i.e. in EBRC4 the Ti layers would be expected to 
deposit as columnar grains and the A1 layers as equiaxed grains. It was discussed in 
section 5.3.2 how imperfections in the deposit are not masked in PVD but are 
magnified through the coating thickness. Thus one would expect aU the EB alloys to 
have a columnar/tapered crystallite type structure. However, as shown in table 5.2 
both EBRC36 and EBRC4 have equiaxed structures.
The RC alloys were all A1 rich with only a very thin Ti metal layer. For these alloys 
the A1 drives the microstructure with the Ti layers appearing to make little difference 
to the overall microstructure.
These results agree with Bickerdicke et a l ,  (1984) in as much as the
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Thomton/Movchan and Demchishin models need to be adapted when adding a second 
metal layer into a bulk matrix. The zone temperatures need to be related to the 
thickness of the second metal layer.
Table 5.2 Microstructure of thick PVD electron-beam evaporated Ti/Al laminates
Material
Designation
Substrate
Temp
(K)
T/Tm
A1
T/Tm
Ti
Zone/
Microstructure
type
Actual 
Ti layer 
thickness 
(nm)
Actual 
A1 layer 
thickness 
(nm)
EBRC4 593 0.64 0.3 3/equiaxed 1 xlO^ 0 .2 xl(P
EBRC7 573 0.61 0.29 2 /columnar 1 0 0 2 0
EBRCIO 618 0 . 6 6 0.32 2 /columnar 1 2 8
EBRC35 498 0.53 0.26
1 / tapered 
crystallites 1 2 8
EBRC36 573 0.61 0.29 3/equiaxed 1.5-9x10' 3-9 xlO^
5,3.4 Formation of Intermetallics
All the laminates showed evidence of intermetallic formation as seen from electron 
diffraction and X-ray diffraction scans. EBRC4 contained Ti^Al, TiAl^ and TiAl. 
Only the Ti^Al intermetallic phase is expected in EBRC4 from the equilibrium phase 
diagram. In the case of EBRCIO Ti^Al and TiAl were the only two intermetallic 
phases identified. EBRC35 contained the same intermetallics as EBRCIO and perhaps 
TiAl^.
More evidence for the presence of TiAl in EBRCIO came from electron diffraction 
(fig 5.12). The ELNES profile for EBRCIO showed some Ti present in the A1 layers 
and a broadening of the Ti peak, which confirmed that some alloying had taken 
place. EFTEM maps (fig 5.13) also implied the presence of Ti in the A1 layers.
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Thus there is conclusive evidence of intermetallic formation from both the electron 
beam evaporated and thermally evaporated laminates. Ahuja and Frazer (1994A) and 
Schechtman et a t, (1994) found no intermetallics in the Al/Ti multilayers, which they 
had studied.
In Section 4.3.2 a number of theories were postulated to account for the presence of 
intermetallics in the RC laminates. These will be considered again for the EB 
laminates.
i) Intermetallic formation due to atom impingement
This was one of the favoured theories and it was stated that if this were the case one 
would expect interlayer breakdown to be favoured in the direction of impingement. 
This was not clear from the RC alloys. However, in EBRC36 there was very clear 
evidence (fig 5.28) to show A1 penetration of the Ti layers in the direction of 
impingement. This result also agrees with the results of Pashley (1985) and Shao et 
a t , { m i ) .
ii) Intermetallic formation due to thermal diffusion
The temperatures involved during the deposition of the EB laminates were much 
higher than those used by Ahuja and Frazer (1994A), who report that during the 
deposition process the substrate did not exceed 318K, For laminate EBRCIO EELS 
showed how residual Ti was present throughout the A1 layers. In general all the EB 
laminates had diffuse interfaces as compared with the RC laminates. For laminates 
EBRCIO, EBRC36 and EBRC38 the deposition temperatures were higher than those 
employed in the RC alloys.
All the EB samples examined were sectioned from the centre of the substrate where
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the overall deposit thickness was relatively constant. This minimised differences in 
through thickness heat transfer, which could affect the integrity of the layers.
iii) Intermetallic formation during storage
In the case of the EB laminates the storage time was short with the samples stored in 
a controlled environment. It is believed that this had minimum impact on the 
microstructure.
iv) Intermetallic formation during TEM specimen preparation
The technique used for preparing the EB laminates was exactly the same as for the 
RC laminates. Concern was expressed in the examination of the X-ray diffraction 
results for the RC laminates as to whether the X-rays were probing the nanolaminated 
region. For the EB laminates the entire thickness of the material tested was 
nanolaminated and it was from these X-ray results that the EB laminates were shown 
to contain intermetallics.
S.5.5 Structure of Titanium
In Chapter 4 evidence was presented both by electron diffraction and HREM to show 
the existence of f.c.c. Ti. However, no f.c.c. Ti peaks were detected by X-ray 
diffraction of the RC laminates. This still left open the argument presented by 
Schechtman et al., (1994) that f.c.c. Ti was an artifact of cross-sectional cryo-thinned 
TEM sample preparation. In sample EBRCIO two potential f.c.c. Ti peaks were seen 
on an X-ray scan at 35.47° and 103.7°. For laminate EBRC35 potential f.c.c Ti 
peaks were seen at 35.47°, 70.94° and 119.56°. From these two samples four 
different f.c.c. Ti peaks were identified. Values for the d and a spacings for f.c.c. 
Ti are discussed in chapter 6 , where some account is made for peak shift due to 
lattice stresses.
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The results from this work agree with Ahuja and Frazer (1994) in that f.c.c. Ti 
occurs in multilayers where the Ti layer thickness is approximately 12nm. The work 
of Schechtman et al., (1994) is disputed by the identification of f.c.c. Ti peaks by 
bulk X-ray diffraction. Baneijee et a l ,  (1997) have proposed a model to account for 
the structural transitions in Ti/A1 nanolayered thin films. Initial results suggest that 
the strain energy in these multilayers may be pivotal in the formation of f.c.c. Ti.
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Fig. 5.1 Back scattered SEM micrograph of as deposited laminate EBRC4 in 
cross-section.
Fig. 5.2 Back scattered SEM micrograph of as deposited laminate EBRC4 in 
cross-section, showing layer break-down as a result of polishing.
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Fig. 5.3 X-ray diffraction scan of as deposited laminate EBRC4.
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Auger video scan of as deposited laminate EBRC4 with corresponding 
line scans for; a) oxygen; b) aluminium; c) titanium, aluminium and 
oxygen.
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Fig. 5.5 Auger maps of as deposited laminate EBRC4 for titanium, aluminium 
and oxygen.
Titariiiii! Fit
Hluuiriiun map K4
SLtPPaCE ûNCiL'.’S IS  LAB UNI' E PSIT  . Qc SLPPE' 0 4 8 :  2E«151 :  1 3 - 10 -^ 4
5.22
Chapter 5 : Characterisation of Electron Beam Evaporated Laminates 
Fig. 5.6 Back scattered SEM micrograph of as deposited laminate EBRC7.
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Fig. 5.7 Back scattered SEM image of as deposited laminate EBRCIO in cross- 
section showing columnar growth and banding.
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Fig. 5.8 RBS scan of as deposited laminate EBRC7 with entrance angles of 0° 
and 23°. The difference in the scans is attributed to interfacial 
roughness.
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Fig. 5.9 RBS scan of as deposited EBRC7 with simulated A1 and Ti profiles 
contrasted with the scan obtained using an entrance angle of 0 ".
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Fig. 5.10 Back scattered SEM image of as deposited laminate EBRCIO in cross- 
section showing substrate initiated defects.
Growth Direction
Fig. 5.11 Back scattered SEM image of as deposited laminate EBRCIO in cross- 
section showing splat defects.
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« Ü
5.26
Chapter 5 : Characterisation of Electron Beam Evaporated Laminates
Fig. 5.12 Bright field cross-sectional TEM micrograph of as deposited laminate 
EBRCIO with inset diffraction patterns of h.c.p. Ti B[01-10], f.c.c. Ti 
B[-122] and TiAl B[011].
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Fig. 5.13 EELS line profile of as deposited laminate EBRCIO.
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Fig. 5.14 ELNES Ti L_ edge profile for as deposited laminate EBRCIO.
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Fig. 5.15 PEELS Ti maps for as deposited laminate EBRCIO.
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Fig. 5.16 Series 1 micrographs for as deposited laminate EBRCIO showing bright 
field image and Ti and A1 PEELS maps.
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Fig. 5.17 PEELS colour map of series 1 for as deposited laminate EBRCIO.
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Fig 5.18 PEELS colour map of series 3 for as deposited laminate EBRCIO.
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Fig. 5.19 PEELS colour map of series 5 for as deposited laminate EBRCIO.
FELMI TU-Graz
n «  sn/Aicoi'
TiAl nanolayers, RC 10
green: Ti, red: A! 
series 5
V = 1.300.000 X
5.34
Chapter 5 ; Characterisation of Electron Beam Evaporated Laminates
Fig. 5.20 X-ray diffraction scan for as deposited laminate EBRCIO.
62500
[coun ts] -  :
4 0 0 0 0 -
2 2 5 0 0 -
10000 -
2 5 0 0 - TUAlTUAl Ti,AI Ti,AI
120 [2 T ]20 40 8060 100
5.35
Chapter 5 : Characterisation o f Electron Beam Evaporated Laminates
Fig 5.21 X-ray diffraction scan for as deposited laminate EBRCIO showing 
f.c.c. Ti peaks at 35.47° and 103.7°.
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Fig. 5.22 HRTEM image of as deposited laminate EBRCIO.
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Fig. 5.23 HRTEM image of as deposited laminate EBRCIO.
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Fig. 5.24 Back scattered SEM micrograph of as deposited laminate EBRC14.
Fig. 5.25 SEM micrograph of as deposited laminate EBRC35.
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Fig. 5.26 Bright field cross-sectional TEM image of as deposited laminate 
EBRC35 showing diffuse layers.
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Fig. 5.27 X-ray diffraction scan of laminate EBRC35.
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Fig. 5.28 SEM image of as deposited laminate EBRC36 in cross-section.
Deposition Direction
Fig. 5.29 Ti X-ray map of as deposited laminate EBRC36 in cross-section (area 
corresponding to that imaged in Fig 5.28).
Deposition Direction
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Fig. 5.30 Colour X-ray map of A1 in as deposited laminate EBRC36 in cross- 
section.
Fig. 5.31 Colour X-ray map of Ti in as deposited laminate EBRC36 in cross- 
section.
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Fig. 5.32 Bright Field TEM image of as deposited laminate EBRC36 in cross- 
section with diffraction patterns from the Ti (zone axis [ 0,1-1,0]) and A1 (zone axis 
[-1 , 1 ,0 ]) layers.
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Fig 5.33 Dark Field TEM image, using Ti (2-1-10) spot, of as deposited 
laminate EBRC36 in cross-section.
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Fig. 5,34 X-ray diffraction scan of as deposited laminate EBRC36.
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Fig. 5.35 SEM image of as deposited laminate EBRC38 showing one of the 
transitions in layer size throughout the sample.
Fig. 5.36 Back scattered SEM image of as deposited laminate EBRC38 showing 
A1 streaking into the Ti layers.
Deposition Direction
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Fig. 5.37 TEM image of as deposited laminate EBRC38 in cross-section showing 
undulation of layers.
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Fig. 5.38 TEM image of as deposited laminate EBRC38 in cross-section showing 
areas of layer breakdown.
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Fig. 5.39 X-ray diffraction scan of as deposited laminate EBRC38.
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CHAPTER 6
THERMAL STABILITY OF LAMINATES
6.1 INTRODUCTION
The electron beam thermally evaporated laminates EBRC4 and EBRCIO were studied 
to assess their thermal stability, how layer breakdown would occur and what phases 
would form. All of these parameters were assessed against existing data and the 
predictions based on bulk materials. EBRC4 and EBRCIO were chosen to represent 
the behaviour of laminates with both micron and nanometre thickness laminae.
The tliermal assessment was achieved using a range of heat treatments (see table 3.4) 
and by differential scanning calorimetry (DSC) experiments (see section 3.11). All 
the heat treated samples were examined by SEM and in the case of EBRCIO the heat 
treated samples were also examined by TEM. Hot stage TEM was attempted in the 
case of EBRCIO (see section 3.7). The results of this work are presented in this 
chapter.
6.2 THERMAL STABILITY OF LAMINATE EBRC4
As discussed in section 5.2.1 the as deposited EBRC4 had commercially pure A1 
layers of approximately 0.2jum thickness and Ti-6A1-4V layers approximately Ijxra 
thick (fig 5.1). X-ray diffraction indicated the presence of intermetallics such as 
Al^Ti, and 7  (fig 5.3). There were no visible regions where the layers had
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broken down and it was surmised that the intermetallics had formed between the 
layers.
Samples were heated in a vacuum furnace for 2 hours at 823K (550°C), 873K 
(600°C), 923K (650"C), 973K (700°C), 1123K (850°C) and 1223K (950°C) and 
allowed to furnace cool. The samples were examined by EPMA and X-ray 
diffraction to ascertain what layer interactions had occurred.
At 1223K all the layers had broken down to produce a uniform microstructure 
consisting of three phases. These three phases show up as ’white’, ’grey’ and ’black’ 
areas in the backscattered SEM image in fig 6.1. The results of quantitative EPMA 
analysis are shown in table 6 . 1 .
Samples heat treated at 823K and 873K appeared to have undergone no 
transformations. X-ray diffraction of all the heat treated samples showed the amount 
of a and phases increasing and y  phase decreasing with increasing heat treatment 
temperature. This is consistent with the material trying to approach equilibrium (fig 
6 .2).
Table 6.1 Phases present in laminate EBRC4 heat treated at 1223K for 2 hours 
and furnace cooled. (Areas are shown in fig 6.1).
Area
Description
Atomic %
Ti A1 V
White Area 74.5 12.3 8.9
Grey Area 75.6 2 1 , 1 3.1
Black Area 76.4 2 0 . 8 1.9
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DSC experiments at a heating rate of 20K/minute showed no peaks occurring below 
the melting point of aluminium, which suggested no or very limited reactions 
occurring over these temperatures (fig 6.3) (see also section 3.12).
6.3 THERMAL STABILITY OF LAMINATE EBRCIO
As discussed in section 5.2.3 the as deposited EBRCIO had commercially pure Ti 
layers of ll-15nm  thickness and commercially pure A1 layers between 7-8nm thick. 
Cross-sectional TEM analysis revealed some regions where the layers had broken 
down (fig 5.12) and from X-ray diffraction the presence of Ti, Al, Ti^Al and TiAl 
was confirmed (fig 5.20). X-ray diffraction also revealed peaks that could be 
attributed to f.c.c. Ti (fig 5.21). This will be discussed further in section 6.5.
Specimens were heat treated at 923K for 2 hours in a vacuum furnace and were 
furnace cooled. These were then examined under the TEM (fig 6.4). All the layers 
had disappeared and energy filtered TEM was used to produce elemental maps of Al 
and Ti. These maps were combined to produce a colour map (fig 6.5). Aluminium 
is shown as magenta whilst Ti is shown as green. From this map it is apparent that 
at least three distinct contrasting regions are visible. One region is Al rich, one Ti 
rich and the third appears to contain similar levels of Ti and Al. Quantitative EDX 
was performed on the thinnest regions to ensure a spatial resolution of <50nm (see 
section 3.4). The results confirmed the three phases as being TiAl, TiAl^ and Ti^Al. 
The size of the phases was of the order of lOOnm diameter and as such it was 
apparent that substantial grain growth had occurred during heat treatment (fig 6.5). 
An X-ray scan on laminate EBRCIO heat treated at 923K for 2 hours in a vacuum 
and furnace cooled showed peaks corresponding to h.c.p. Ti, Al, TiAl, Ti^Al and 
TiAlj (fig 6 .6 ). As discussed in section 5.2.3 no evidence was found for TiAl^ in the 
as deposited EBRCIO laminate. Thus it is suggested that Ti^Al was formed during 
heat treatment.
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A DSC scan taken at a heating rate of 20K/minute under argon showed a large peak 
around 823K and a small peak around 673K as well as the endotherm of Al melting 
at 933K (fig 6.7) (see section 3.12). In order to ascertain which peak corresponded 
to layer breakdown a specimen was heat treated at 773K in a salt bath for 1 minute 
and water quenched. This sample was examined in the TEM. All the Ti and Al 
layers had been removed. It was concluded that the large peak on the DSC trace at 
around 823K was not associated with the initial layer breakdown but instead could be 
attributed to either oxidation or grain growth.
Another DSC scan was performed at a slower heating rate of 2K/min to see if the 
small peak at 673K could be resolved more clearly. This DSC run was performed 
using a DuPont 9900 machine, wliich had been specially calibrated to allow slow 
scans to be performed. The DSC was run under vacuum. Results from the DSC run 
showed peaks around 510K (237 T )  and 547K (274 T )  (fig 6 .8 ).
In order to ascertain that these peaks were associated with interlayer breakdown, a 
sample was heat treated at 573K (300 °C) in a salt bath for 1 minute and quenched in 
water. Fig 6.9 shows the bright field image of this laminate and reveals that most 
of the layers in the sample had disappeared. Grain size seemed to vary from nm to 
microns. Fig 6.10 shows twinning in a lOOnm gamma grain (composition verified 
by EDX). This confirmed that the two DSC peaks at 510K and 547K were 
associated with interlayer breakdown.
An isothermal run was also performed in the DSC where the sample was heated at 
50K/min to 523K (250°C) and held at that temperature for 3 hours. The data 
suggested that the exothermic reaction at 523K could occur in under 150 minutes (fig 
6 . 11).
A cross-sectional TEM sample was heated in-situ in order to assess the mechanism 
of layer breakdown. The sample was heated up in stages (see Table 3.2). However,
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due to specimen drift after holding the sample at the desired temperature and time, 
the sample had to be cooled back to room temperature in order to facilitate 
characterisation. By using this method the sample was heated to a maximum of 803K 
(530°C) after which time the glue which held the sample in place had begun to 
degrade and the experiment had to be halted. Results from these heating cycles 
showed no layer breakdown occurring at these temperatures, which contradicts what 
was seen in the bulk material.
6,4 DISCUSSION OF THERMAL STABILITY RESULTS
As discussed in section 2.3, diffusion in thin film structures is expected to present 
special characteristics as compared with bulk diffusion. Loo and Rieck (1973) are 
amongst workers who have reported that below 913K (640”C) the product of 
interdiffusion between bulk Al and bulk Ti is TiAl^.
Wang et al., (1994) used DSC to study the kinetics of TiAl^ formation from 
commercially pure Ti and Al particles of <45jnm diameter. They found no 
measurable reaction occurring below the melting point of Al and a typical reaction 
temperature range of 1023K to 1173K (750-900°C).
However, Weihs et al. , (1995) and Michaelsen et al. , (1996) are amongst those who 
showed that a multilayer material with nano-scale layering can react in the solid state 
at very low temperatures, often well below the melting point of the individual layers. 
It is believed that the small dimensions of the layering provide short diffusion 
distances that greatly enhance elemental mixing compared with bulk materials.
Michaelsen et al,, (1996) investigated solid state reactions in Ti/Al multilayer films 
with the molar ratio (lTi/3Al). They endorsed the view that a distinct phase selection 
occurs upon the solid state reaction of Ti/Al diffusion couples, to form TiAl^. Their 
DSC experiments showed that this solid state reaction for a bilayer thickness of 20nm
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occured at 600K (stage A) and 750K (for stage B). Stage A was believed to be the 
product phase nucleating at isolated positions at the interface and growing to 
coalescence, predominantly in the plane of the interface. They estimated the layer 
thickness of TiAl^ to be lOnm at coalescence. They noticed that the stage A DSC 
peak shifted witli the bilayer thickness i.e. for 5nm the stage A peak occured at 550K. 
They interpreted this shift in the stage A peak as a function of the total number of 
nucléation sites increasing with the multilayer periodicity by orders of magnitude. 
Stage B was the thickening of the now contiguous layer predominantly in the direction 
perpendicular to the interface. For multilayers with bilayer thickness greater than 
30nm they observed a further peak at 750K, which they intepreted as the formation 
of a metastable TiAl^ structure.
The DSC results from EBRC4 (with layers Ti ljum, Al 0.2jum) (fig 6.3) showed no 
measurable reaction occurring below the melting point of Al, which is in agreement 
with the observations of Wang et a l,  (1994 ).
The DSC results from EBRCIO (figs 6.7 and 6 .8 ) showed peaks at 510K, 547K, 
801K and 875K. The peak obseived at 547K corresponds with that observed by 
Michaelsen et a l, (1996), who attributed it to the formation of TiAl^. The total heat 
released for this peak averaged over 3 experiments can be calculated as follows:
25 cals/g =  25 X  4.18 J/g,
Ti Atomic No: 47.88, Al Atomic No: 26.98., EBRCIO approximately 
Ti=60% Al=40%
((0.6 X 47.88) +  (0.4 x 26.98) ) x 25 x 4.18 =  heat of formation kJ/g-atom 
Hj, =  4.1J/g-atom
The heat of formation for the EBRCIO peak centred around 547K is 4.1kJ/g-atom. 
This is different from the bulk heat of formation for TiAl^, which is 34.7kJ/g-atom 
(Murray 1987). Michaelsen et a l,  (1996) presented one low heat of formation result
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of 21.6kJ/g-atom for TiAl^, measured on a 5nm bilayer thickness multilayer. This 
low value was attributed to prior reactions having taken place during the deposition 
process. In as deposited laminate EBRCIO there was no evidence found for the 
existence of TiAl^, however both Ti^Al and TiAl were present. The peak centred 
around 51 OK could correspond with Ti^Al and TiAl decomposing to produce TiAl^. 
This decomposition could be expected to have a lower heat of formation than the 
reaction Ti +  3Al =  >  TiAl^ in the nanolayered material.
Another possibility would be the mode of nucléation of the intermetallic phase. 
Calculations by Michaelsen et al. , (1994) using classical nucléation theory lead to 
nucléation barriers below kT using a free energy of formation of about 30kJ/g-atom 
and an interfacial energy of 0 , 1 1 /n f , a value, which appears reasonable for (semi-) 
coherent interfaces. Spontaneous nucléation of all possible product phases should 
therefore be easy, which should instantly result in layered phase formation. 
However, interdiffusion must precede phase formation, which leads to supersaturated 
solid solutions and to a considerable reduction of the driving force. In the case of Ti­
Al, the formation of supersaturated h.c.p. solid solutions in equilibrium with pure Al 
results in a driving force for the nucléation of TiAl^ reduced to about 5J/g-atom. For 
the reaction temperatures used, this corresponds to an energy barrier for nucléation 
of about lOkT, indicating the existence of a nucléation barrier and favouring 
heterogeneous nucléation at microstructural defects at the Ti/Al interface.
In conclusion it is suggested that the peak at 547K corresponds to the formation of 
TiAlg and that the 
further validation.
^ low value for the heat of formation calculated in this work needs
Pretorius et al., (1991) predicted phase formation sequences and phase stabilities in 
binary metal-Al thin film systems using an approach based on the effective heats of 
formation. By using this approach they were able to successfully predict the 
formation sequence for nickel (Colgan et a l ,  1985), palladium (Colgan 1987A),
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platinum (Colgan 1987B) and gold aluminides (Majni et al., 1981). The above would 
thus predict that TiAl^ would be the first phase to form in a solid state diffusion 
process between equal wt % of Ti and Al followed by the formation of TiAl. 
Pretorius et al., (1991) also predicted that an Al/TiAl/Ti couple would decompose to 
preferentially form TiAl^.
In thin film structures the diffusion, and consequently the metallurgical 
transformations are expected to present special characteristics as compared to bulk 
samples. Thin films generally contain a high density of high diffusivity paths, such 
as grain boundaries and dislocations, which are important for diffusion at low 
temperatures. Thin films are also highly defective, stressed structures and when 
subjected to furnace annealing will behave differently as compared to bulk samples. 
Other factors, which will affect diffusion, are the possible presence of disordered or 
metastable structures and volume elements, which are in close proximity to either a 
free surface or an interphase boundary of some kind.
Even though work on bulk diffusion couples of Ti and Al has indicated that TiAl^ is 
the first phase to form, work by Nathan and Ashearn (1993) suggests that when 
4.2nm Al layers and 5.3nm Ti layers were reacted together at 873K for 5 minutes the 
compound TiAl was formed.
The low temperatures and fast reaction times for the breakdown of laminate EBRCIO 
are surprising when considering that the as deposited material had been held at 623K 
(350°C) for an 8  hour period during the deposition process, whilst a 1 minute heat 
treatment at 573K on a small section of the laminate resulted in complete layer 
breakdown. It was noticed that the deposited laminates had a high degree of residual 
stress and during cooling in the deposition chamber after a completed run, a lot of 
laminate cracking would occur. In the case of laminate EBRCIO once the laminate 
had been machined off the back of the Al collector the disc warped by about 30 
degrees (figs 6.12, 6.13). From this observation it was concluded that there were
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large residual stresses in the as deposited laminate. These would have contributed to 
the fast times and low temperatures of reaction needed for the breakdown of the 
multilayered structure.
Results from the in-situ heating of laminate EBRCIO strengthens the hypothesis that 
the residual stresses played a major role in the breakdown of lamina at low 
temperatures.
Stresses in the PVD laminates are caused by both the difference in thermal expansion 
between the different layers and by the film deposition process itself. The thermal 
stresses are described as extrinsic whilst the deposition stresses are described as 
intrinsic. Intrinsic stresses are affected by the structure of the growing film, the rate 
of deposition, the amount of thermal energy present during deposition and the 
mobility of the arriving particles and impurities in the film.
Much work has been done on analysing stresses in thin films (films less than Ijxm 
thick). Aberman (1992) studied intrinsic stresses during and after evaporative 
deposition of thin films. Measurements were made in the deposition system by 
monitoring the deflection of a cantilever onto which the films were deposited. It was 
found that when films were deposited at room temperature their behaviour could be 
divided in two types. Ti is a typical "type I" low mobility material. High tensile 
stresses in sputter-deposited as well as evaporatively-deposited thin films of "type I" 
material have been observed by many workers (e.g. Hoffman and Thornton 1982). 
Hoffman (1976) proposed that tensile stresses develop as islands coalesce, as a result 
of nearby islands elastically deforming to close up spaces in order to replace the two 
grain free surfaces with one boundary. Nix (1994) argued that the maximum strain 
that can result from this mechanism can be determined by balancing the resulting 
strain energy density with the change in the sum of the total surface and grain 
boundary energy. If the strain is elastically accommodated, Nix has shown that the 
maximum stress is strongly dependant on the grain size at coalescence and that
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stresses of several GPa are possible when the grain size is less than 100Â. 
Aluminium is an example of "type 11" material which develop small tensile stresses 
as the islands coalesce. These stresses are relieved and even appear to become 
compressive as the film thickens. The relief of the stress is thought to arise from 
grain boundaries forming and densifying via surface and boundary atomic diffusion 
rather than by straining in these high mobility materials.
Two practical ways for measuring residual stress are by X-ray diffraction, or by 
mechanical relaxation. When the substrate was machined off the back of the as 
deposited laminate, the laminate relaxed by buckling and warping (figs 6 . 1 2  and 
6.13). This implied that the residual stress of the as deposited laminate was in excess 
of the yield stress of both Al and Ti. Cutting off sections of laminate for heat 
treatment and characterisation resulted in further relaxation of the laminates.
The DSC experiments were performed on approximately 50mg of sample. Samples 
of this size were too small to perform mechanical relaxation experiments. As such 
the best method for the determination of residual stresses was to use X-ray 
diffraction. To ascertain a rough approximation of residual stresses in the Ti and Al 
layers it was necessary to either take a number of scans at various incident angles or 
to compare the scans with a stress relieved system.
A comparison was made between the interplanar spacings for Al calculated from 
measured X-ray diffraction angles in the as deposited laminates EBRCIO, EBRC35 
and laminate EBRCIO which had been heat treated at 923K for 2 hours (nominally 
stress relieved) (table 6.2). The Al peaks chosen were those giving high intensity 
reflections in the obtained scan, which did not overlap with any other phases (the 
(111) 100% intensity peak at 38.50° was not chosen because of its proximity to the 
hep (002) Ti peak at 38.43°). The peaks chosen were: (200) peak expected to occur 
at 44.77° for Al with a =  0.404nm and the (420) peak expected to occur at 116.72° 
for Al with a =  0.404nm. The interplanar spacings (d) were calculated from
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equations 6 . 1  (a,b):
_1_ h  +  k  +  1 ‘ 6 . 1  (a)
nX = 2d sin0 6 . 1  (b)
where, d is interplanar spacings for a plane (hid), a is axial length of unit cell, X is 
wavelength of radiation used, in our case Cu Ka at 1.540nm and $ is the diffraction 
angle
Changes in peak position can be attributed to the presence of stresses in the unit cell. 
For EBRCIO heat treated at 923K for 2 hours both Al peaks gave a unit cell size of 
0.404nm, which matches the size of an unstressed Al unit cell. However, both as 
deposited EBRCIO and EBRC35 gave a larger value for the size of the Al unit cell, 
implying that the cell was under tensile sti'ain.
These changes in peak position could also be attributed to poor alignment, surface 
roughness or impurities within the Ti or Al layers. Alignment procedures were 
carefully carried out for both samples and the height of the samples was fixed by 
using a rate meter. Both samples had the same surface roughness, and impurities 
within Al or Ti were considered to be constant for both samples.
By attributing to strain all the peak shift in as deposited EBRCIO and EBRC35 an 
estimate of the strain in the laminates was made:
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Table 6.2 A1 X-ray peak positions for as deposited and heat treated EBRCIO and 
as deposited EBRC35.
Material
Designation
A1 
Peak 2(9 
(2 0 0 )
Calculated 
d^j values
a
(nm )
Alpeak
28
(420)
Calculated 
d^j values
a
(nm)
EBRCIO 44.65 2.03 0.406 115.59 0.910 0.406
EBRCIO 
HT 923K 
2  hours
44.76 2 . 0 2 0.404 116.84 0.905 0.404
EBRC35 No
peak
No peak - 114.46 0.916 0.409
Key: HT =  heat treated
i) Size of AI unit cell for as deposited EBRCIO / Size of unstrained A1 unit cell
= tensile strain in as deposited EBRCIO =  0.406/0.404 =  1.005 
Approximate tensile strain of 0.5 %
ii) Size of A1 unit cell for as deposited EBRC35 / Size of unstrained A1 unit cell
=  tensile strain in as deposited EBRC35 =  0.409/0.404 =  1.012
Approximate tensile strain of 1.2%
If the nanolayemcUaminates were iso-strained we could assume that the strain levels 
were the same for the Ti layers. Tensile strain is linked to tensile stress by Young’s 
modulus.
E X 6 — (7 6.2
where, E is Young’s modulus, a is tensile stress and e is tensile strain.
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The Young’s modulus of commercially pure Ti and A1 are: =  llOGPa,
Eai — 70GPa (Nuffield Data book 1995). By using the estimated values of strain 
calculated above and inputting these into equation 6 . 2  an estimation was made for the 
stresses in laminates EBRCIO and EBRC35, which are given in table 6.3.
Table 6.3 Estimated stresses in EBRCIO and EBRC35
Material Designation Stress in Ti layers Stress in A1 layers
EBRCIO 550 MPa 350 MPa
EBRC35 1.3 GPa 840 MPa
However, as will be discussed in the next chapter (section 7.3.1) the moduli of the 
laminates are considerably lower than the data book values. For A1 the tensile 
Young’s modulus has been calculated to be approximately 32GPa. Using this value 
the stresses for the A1 layers in laminates EBRCIO and EBRC35 would be 160MPa 
and 360MPa respectively.
These stresses demonstrate that there is a large physical driving force for diffusion 
in the as deposited laminates. There is also a large chemical driving force arising 
from the intimate mixture of non-equilibrium phases. Both of these driving forces 
are expected to produce breakdown of the laminate structure at low temperatures.
As discussed in section 2.4, the presence of stress in a system effects phase selection. 
Jardine (1993) recalculated the Ti-Ni phase diagram to take account of the presence 
of stresses. He found significant phase field shifts for pressures of l-2GPa (fig 2.3). 
Stresses also effect the diffusivity and the growth mode. As discussed in section 
2.4.3, under strain the growth mode can change from a layer-by-layer mode 
to one with the formation of three dimensional nuclei. This change in growth mode 
would have a significant effect on the quality of the nanolayers.
6.13
Chapter 6 : Thermal Stability of Laminates
Table 6.3 shows that the stresses in EBRC35 were approximately 2-2.5 times higher 
than those in EBRCIO and as such the reaction times as well as the temperature for 
layer breakdown should be appreciably affected.
In order to assess this a DSC scan at a heating rate of 2K/minute was performed on 
EBRC35. One low temperature peak was detected at 558K (285°C) as compared with 
the two low temperature peaks detected for EBRCIO at 510 K (237°C) and 547K 
(274°C). This could be attributed to the faster diffusion rate in EBRC35. EBRC35 
was deposited at a lower temperature as compared with EBRCIO, which would result 
in lower atomic mobility during surface deposition, this in turn could affect the 
amount of intermetallic formation. The formation of intermetallics in the as deposited 
condition would aid laminate breakdown by providing preferential nucléation sites for 
growth to occur (Michaelsen et al., 1996). A lower concentration of intermetallics 
in EBRC35 even with greater residual sti'esses would result in a higher temperature 
for layer breakdown as compared with EBRCIO. This highlights the complex 
relationship between residual stresses and microstructural evolution in layer 
breakdown.
6.5 F .C .C . T ITA N IÜ M IN HEAT TREATED SAMPLES
In section 5.2.3 it was discussed that X-ray diffraction scans and electron diffraction 
images indicated the presence of f.c.c. Ti. Up to now reports about f.c.c, Ti have 
only been made for as deposited laminated materials (Ahuja and Frazer 1994A, 
Jankowski and Wall 1994, Schechtman et al., 1994). EBRCIO heat treated at 923K 
for 2 hours showed no evidence of f.c.c. Ti. EBRCIO was given a fast heat 
treatment in a salt bath for 1 minute at 573K and water quenched. TEM examination 
revealed that the layered structure had broken down (fig 6.10). X-ray diffraction 
showed three peaks, which corresponded to f.c.c. Ti.
A scan was done between 34° and 42° in order to identify the (111) reflection and
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between 55° and 65° in order to identify the (220) reflection. By using equations 6 .1 
it was possible to get d and a spacings from the measured peaks. These values for 
d and a for f.c.c. Ti are compared with reported values in Table 6.4.
Table 6.4 F.c.c. Ti peaks identified in EBRCIO heat treated for 1 minute at 573K 
and water quenched.
Measured 28 
values for f.c.c. 
Ti(°)
Nearest 
alternative 
peaks (°)
d values for 
f.c.c. Ti (nm)
Literature values for d 
spacings 
Ah Ja Sc
35.58 35.09 Ti 
35.95 Ti,Al
2.52 2.52 2.5 2.55
60 58.69 Tij A1 
61.4 TiO
1.54 1.54 1 . 6 1.56
Key: Ah Ahuja and Frazer., 1994A reported a value of 0.436nm, Ja Jankowski and 
Wall, 1994 reported a value of 0.440nm, Sc Schechtman et al. , 1994 reported a value 
of 0.420nm.
The d spacing values for f.c.c. Ti in table 6.4 match with those reported by Ahuja 
and Frazer., (1994A) and correspond to an a spacing of 0.436nm.
In section 5.23 a f.c.c. Ti peak was identified at 35.47° for as deposited EBRCIO. 
This corresponds to a =  0.438 or to a tensile strain of 0.46% of the f.c.c Ti unit cell. 
In section 6.3 tlie strain on a f.c.c. unit cell of A1 in as deposited EBRCIO was shown 
to be 0.5%. This agrees well with the calculated strain of a unit cell of f.c.c. Ti.
The f.c.c. Ti peaks were hard to detect since f.c.c. Ti exhibited some texture. This 
texture can be seen from the large scale X-ray map for EBRCIO heat treated for 1 
minute at 573K and water quenched (fig 6.14). The f.c.c. peaks in this figure appear
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on the scan as spots rather than streaks or lines, which is indicative of texture.
In summary f.c.c. Ti was found in samples EBRC49, EBRCIO and EBRC35 as well 
as in EBRCIO heat treated at 573K (300°C) for 1 minute in a salt bath and water 
quenched. Evidence has been presented for the existmce of f.c.c. Ti by both X-ray 
diffraction and electron diffraction. The a spacing for the f.c.c. Ti unit cell is 
estimated at 0.436nm, which is in agreement with the result of Ahuja and Frazer., 
(1994A).
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Fig. 6.1 Back scattered SEM image of laminate EBRC4 heat treated at 1223K 
for 2  hours and furnace cooled.
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Fig. 6.2 X-ray diffraction scans of laminate EBRC4 heat treated at 823K and 
1223K for 2 hours and furnace cooled.
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Fig. 6.3 Differential scanning calorimetry (DSC) trace for laminate EBRC4 at 
a heating rate of 20K/minute.
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Fig. 6.4 Bright field TEM image of laminate EBRCIO in cross-section and heat 
treated at 923K for 2 hours and allowed to furnace cool.
i
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Fig. 6.5 Mapping PEELS image of laminate EBRCIO in cross-section and heat 
treated at 923K for 2 hours and allowed to furnace cool. Bright field 
image of area shown in Fig 6.4.
100 nm FELMITU Graz
specimen: RC10 magenta AI; green Ti
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Fig. 6 . 6  X-ray diffraction scan of laminate EBRCIO heat treated at 923K for 2 
hours and furnace cooled.
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Fig. 6.7 DSC trace for laminate EBRCIO taken at a heating rate of 20K/minute.
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Fig. 6 . 8  DSC trace for laminate EBRCIO taken at a heating rate of 2K/minute.
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Fig. 6.9 Bright field TEM image of laminate EBRCIO in cross-section and heat 
treated at 573K for 1 minute and water quenched, showing removal of 
all layers.
lOOnm
Fig. 6 .10 Bright field TEM image of laminate EBRCIO in cross-section and heat 
treated at 573K for 1 minute and water quenched showing large gamma 
grain.
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Fig. 6 .11 Isothermal scan for laminate EBRCIO, held at 523K for 2 hours.
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Fig. 6.12 As deposited laminate EBRCIO in plan view.
Fig. 6.13 As deposited laminate EBRCIO in side view.
%
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Fig. 6.14 X-ray map of laminate EBRCIO heat treated at 573K for 1 minute in 
a salt bath and water quenched.
+10
© 0 <
ThAl
- 10 °
W h i T F -  HIGtH  f lü T O O S iT Y  
BC/iCiC - kOlO lUrtEiO SiTY
TisAl / TiAls' 
39.05°
6.28
CHAPTER 7
MECHANICAL PROPERTIES OF LAMINATES
7.1 INTRODUCTION
The electron beam evaporated laminates were tested by four point bending, tensile 
testing and microhardness (see section 3.10). This chapter presents the results from 
these tests and their analysis in terms of strengthening models and with respect to the 
microstructural characterisation presented in chapter five.
7.2 MECHANICAL PROPERTIES
7.2.1 Four Point Bend Tests
The tests were carried out as described in section 3.10.1. Figs 7.1 to 7.6 show 
typical plots showing load against deflection for each of the materials tested. The 
value of modulus of bending was determined from the slope of the linear portion of 
the curve and equation 7.1 (ASTM E855 ’Bend Testing of Metallic Flat Materials for 
Spring Applications involving Static Loading’).
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P a  (31,2 _ 4a2) 
4 b h ^  d 7.1
where; is the Modulus of Bending, P is the Load, L is the span lengths between 
supports, in this case L =  40mm, a is the distance from the load to the load 
applicator, in this case a=  1 0 mm, b is the specimen width, h is the specimen 
thickness and d is the deflection.
E|^  is a combination of the tensile and compressive moduli. The value of bending 
fracture strength or maximum bending strength is given by equation 7.2 (ASTM E855 
’Bend Testing of Metallic Flat Materials for Spring Applications involving Static 
Loading’).
a  7 2b
Table 7.1 presents the results from the four point bend tests. Where possible 3 
samples were tested and the average values of and are presented. Fig 7.7 
gives the four point bend test results obtained for EBRC36 tested at the University 
of Bristol using strain gauges to measure deflection (see section 3.10.1).
7.2.2 Tensile Test
Tensile testing was carried out as described in section 3.10.2. It was possible to 
calculate values of modulus of elasticity in tension and fracture strength in tension. 
The modulus of elasticity in tension (E^ ) is a measure of the gradient within the linear 
Hookean region of a stress-strain curve. The maximum tensile strength is the 
maximum stress endured by the sample. No values for elongation are presented as 
all the samples broke outside their gauge lengths. No tensile data was obtained for
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EBRC47 and EBRCIO because in the former material the samples did not withstand 
machining and in the latter material all the samples broke when they were preloaded 
in the tensile machine. Table 7.2 gives the average values for E  ^and tmax
Table 7.1 Four Point Bend Test Data
Material
Designation
Tilayer 
Actual 
Thickness 
(nm)
AI layer 
Actual 
Thickness 
(nm)
Substrate
Temp
(K)
By
GPa
b^max
MPa
EBRCIO 1 2 8 618 44+M 6 8 + /- 1 1
EBRC35 1 2 8 498 64* 92*
EBRC36 9-1.5x10^ 3-9x10' 573 76+/-S 648+7-49
^EBRC36 9-1.5x10' 3-9x10' 573 73.5(C)90.5(T) 677*
EBRC38 1-3x10' 0.5-3.5x10' 508 47+/-I 270+7-30
EBRC39 - Pure AI 538 ’ 57+y~2 117+/-10
EBRC47 Pure Ti 596 56* 407*
Data based on one successful test result.
^ Sample tested at the University of Bristol using strain gauges 
(C) =  compressive side (T)=tensile side.
7.2.3 M icrohardness
Microhardness tests were carried out as described in section 3.10.3 and the results 
are presented in table 7.3.
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Table 7.2 Tensile Test Data
Material
Designation
Tilayer 
Actual 
Thickness 
(nm)
AI layer 
Actual 
Thickness 
(nm)
Substrate
Temp
(K)
E,
GPa
atmax
MPa
EBRC35 1 2 8 498 36+7-5 100+7-10
EBRC36 1.5-9 xlO' 3-9 xlO' 573 80+7-8 481+7-20
EBRC38 1-3 xlO' 0.5-3.5 xlO' 508 61+7-4 145+7-10
EBRC39 - Pure AI 538 32 + 7-2 100+7-2
7.3 DISCUSSION
A large number of variables need to be considered when analysing the data of the 
mechanical tests of the materials studied in this thesis. These include microstructure, 
layer thickness, volume fraction of intermetallics, % AI, %Ti and defects in the 
deposits.
7.3.1 Properties of laminates EBRC47 (commercially pure Ti) and EBRC39 
(commercially pure AI)
The transition temperature for Ti from a porous tapered crystallite Zone 1 structure 
to a clearly defined columnar Zone 2 structure was found by Movchan and 
Demchishin (1969) to occur at 584K. Laminate EBRC47 was deposited at 596K and 
exhibited a columnar structure in agreement with Movchan and Demchishin (fig 7.8). 
Both the strength and hardness of EBRC47 were expected to be higher than for the 
bulk annealed Ti (Movchan and Demchishin 1969). The microhardness of EBRC47 
(273kg/mm^) was 95 % higher than for bulk annealed Ti (140 kg/mm^) and the bend 
strength (408MPa) was over 100% higher than for bulk annealed Ti (202MPa).
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Table 7.3 Microhardness Test Results
Material
Designation
Ti layer 
Actual 
Thickness 
(nm)
AI layer 
Actual 
Thickness 
(nm)
Substrate
Temp
(K)
Micro-hardness
H
*EBRC4 1 0 0 0 2 0 0 593 154 (+/-6)
*EBRC4(HT) ~ 1 0 0 0 2 0 0 593 225 (+ /-7 )
*EBRC7 1 0 0 2 0 573 500 (+/“8)
EBRCIO 1 2 8 618 304 (+ /-3 )
EBRCIO (HT) # 1 2 8 618 256 (+/-2 )
EBRC35 1 2 8 498 166 (+ /12)
EBRC36 1.5-9x10' 3-9x10' 573 160 (+ /-4 )
EBRC38 1-3x10' 0.5-3.5x10' 508 157-1821 (+ /-3 )
EBRC39 - Pure AI 538 59 (+/-1)
EBRC47 Pure Ti - 596 273 (+/-1)
Key:
Ti layer refers to Ti-6A1-4V
Heat Treatment - 1223K in vacuum furnace for 2 hours, furnace cooled. 
Heat Treatment - 923K in vacuum furnace for 2 hours, furnace cooled. 
Graded sample - H varied across sample width, see fig 7.13.
Fig 7.9 shows the microhardness of PVD deposited Ti, Ni and W as a function of 
substrate temperature (Movchan and Demchishin 1969). The data gives a 
microhardness of 230kg/mm^ for Ti, which is within 15 % of the experimental result 
obtained for EBRC47.
Sample EBRC39 was deposited at T > 0 .45  T and had an equiaxed microstructure.
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According to Movchan and Demchishin (1969) this microstructure should result in 
hardness and strength values close to those of the bulk annealed material. Tensile 
strength values for commercially pure and annealed bulk AI are between 50 and 114 
MPa (Nuffield Data Book, 1989). Laminate EBRC39 had an average tensile strength 
of lOOMPa and an average bend strength of 117MPa both of which lie in the range 
of values for annealed bulk AI. The Young’s modulus (E^ ) for annealed bulk AI is 
70GPa. However the E^  for EBRC39 was 32GPa and the modulus of bending (E^ )^ 
was 57GPa. Fig 7.10 is a back scattered SEM image of EBRC39 and shows the high 
degree of porosity in the as deposited material.
7.3.2 Discussion of the Modulus results
Modulus is often described as a structure insensitive property as it is derived from the 
Hookean region of a stress strain curve, which in turn is a function of the nature of 
the interatomic bonding in the particular elemental species. The moduli for all the 
materials examined were low, in particular, for the as deposited AI where E^  was 
lower by 55 %.
The E  ^of EBRC36 measured at the University of Bristol was 82GPa, which is within 
8  % of the 76GPa measured at Farnborough. This suggests that the modulus values 
are indeed reflecting the characteristics of the material and are not a function of test 
machine, type of test or operator.
Nieman et a t ,  (1992) and Nieman and Weertman (1991) reported considerable 
reductions of the Young’s modulus for nanocrystalline Pd. The Young’s modulus for 
conventional polycrystalline Pd is 120GPa and was reduced to 21 GPa (a reduction of 
approximately 83%) for material with a 14nm grain size. The reduction was 
attributed to the residual porosity in their material, which reached values of up to 
16%. Krstic et al. , (1993) have presented an analysis of the effect of porosity on the 
Young’s modulus of nanocrystalline materials.
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The elastic response of a solid containing porosity can be described by the empirical 
relationship (Knudsen 1962):
E  — E  0 ~h V 7 .3 .
where, E is the Young’s modulus of a solid containing pores, E^ is the Young’s 
modulus of a pore-free solid, V is the pore volume fraction and b is a constant.
It is well accepted that the presence of pores in solids strongly affects their elastic 
thermal, electrical and other properties (Knudsen 1962). Krstic et a l ,  (1993) 
observed that equation 7.3 cannot provide a theoretical explanation for this behaviour. 
Krstic and Erickson (1987,1988) suggested that full characterisation of a porous solid 
must include the pore size and the inherent flaw size emanating from the surface of 
the pore. It has been shown that the crack opening under an external load, the 
interaction of the crack tip stress field and the stress concentration associated with the 
pore are all responsible for the elastic behaviour of a porous solid. Based on this 
premise Krstic et a l ,  (1993) presented their model by considering a porous 
nanocrystalline solid containing a large number of non-interacting uniformly 
distributed spherical pores of radius R. It was assumed that an annular flaw extends 
from the surface of each pore. The following relationship was derived:
1 + --------------    cp
-1 7.4
where.
0 1 + R 2 (7 -5 \/)
4 ~5v
- I
2 (7-5v) 7.5
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and is the number of pores per unit volume, R is the pore radius, p is the 
Poisson’s ratio and S is the annular flaw size.
Krstic et ah, (1993) concluded that the incorporation of a single pore in an otherwise 
fully dense solid would greatly increase the annular crack tip stress intensity factor, 
which in turn would enhance the crack opening displacement, leading to a drastic 
reduction of the Young’s modulus. By considering the stress field interaction of 
neighbouring pores as being negligible the number of pores/unit volume can be 
related to pore volume fraction V by:
N p  _ 4nK” 7.6
from which we get:
n 7.7
Krstic et a l ,  (1993) analysed the work of Nieman et a l,  (1992) on the Young’s 
Modulus of nanocystaUine Pd with varying porosity levels. They plotted the variation 
of Young’s modulus against pore volume fraction for various S/R ratios and 
concluded that the nanocystaUine Pd contained cracks approximately 20% larger than 
the pore radius (ie. S/R=1.2).
By using equation 7.5 and assuming S/R=4, E^=70GPa, E=32GPa and y=0.34, </> 
can be calculated. By inputting </> into equation 7.7 the calculated pore volume 
fraction (V) is given as 0.12%. For S/R =  1 the calculation gives V =12.5% . A plot 
showing the variation of pore volume fraction against Young’s modulus for various
7.8
Chapter 7: Mechanical Properties of Laminates
S/R ratios for A1 is given in fig 7.11.
In the analysis of Krstic et ah, (1993) the pores are assumed to be uniformly 
distributed and of spherical shape. For spherical pores the volume fraction can be 
approximated to the area fraction. A grid was placed on a scanned image of fig 7.10, 
which shows the porous microstrucure of as deposited Al. The pore area fraction was 
approximately 5%. In fig 7.11 the pore volume fraction of 5% corresponds to S/R 
=  1.75. This suggests that in EBRC39 the annular flaw size was 75% larger than the 
pore radius. Fig 7.10 shows that the pores in EBRC36 were not spherical, 
which would affect the absolute values calculated from the model by Krstic et ah .
7.3.3 Discussion of the Microhardness and Strength results
For pyramidal indenters such as the Vickers indenter, the hardness (H^) is empirically 
related to the yield stress by equation 7.8 (Cottrel 1975):
H 3 7.8ay
For a material that exhibits Hall-Petch behaviour the hardness can also be related 
to grain size, d, by the Hall-Petch Equation (Cottrel 1975):
where and k^ are constants. Hardness variations are known to occur with change 
load, crystallographic orientation, porosity and depth of penetration.in
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Microhardness measurements give the net effect of strengthening imparted by the 
nanocrystalline grains and the weakening effect of processing flaws. The hardness 
of nanolaminates is described by a number of contradictory models as discussed in 
section 2.5.2, These include:
i) Strengthening by refined grain structure or layer thickness according to the 
Hall-Petch relation where hardness oc 1/ layer thickness. However, there is 
doubt as to whether this model can be used to describe nanoscale 
strengthening.
ii) Softening at critical layer thickness due to relaxation and described by an 
inverse Hall-Petch relationship (Weertman 1993).
iii) Anomalously high hardnesses as a result of Koehler strengthening where a 
multilayered structure consists of alternate layers of high/low elastic moduli, 
which may render Frank-Read sources inoperative if layer thicknesses are kept 
small.
The results plotted in fig 7.12 show the hardnesses of all the laminates tested (except 
EBRC38). The hardnesses of the laminates are affected by the following parameters:
i) Substrate temperature; the lower substrate temperatures give the hardest 
microstructures.
ii) The relative concentration of Ti and Al; the greater the Ti content the higher 
the hardness.
iii) Layer thickness; the smaller the layer thickness the higher the hardness.
iv) Amount of intermetallics.
For EBRC36, which had a ratio of Ti to Al of 1:1 the expected hardness should be:
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0.5 ( +  B .J  =  0.5 (273+59) =  166kg/mm "
where, is the hardness of commercially pure as deposited Ti and is the
hardness of commercially pure as deposited Al. This compares well with the 
hardness of EBRC36 which was 160.
EBRC7 had the highest hardness (H^=500) of the laminates tested, partly attributed 
to the Ti-6A1-4V layers (as opposed to commercially pure Ti) and partly due to the 
columnar structure.
The heat treated EBRCIO exhibited a lower hardness (H^=256) than the as deposited 
EBRCIO (H^=304), presumably because grain growth had occurred during 
deposition.
EBRC35 had a lower than expected hardness (H^ = 166) which was close to EBRC36 
(H^ =160) even though the layer thickness of EBRC35 was 400 times smaller than 
EBRC36. It is believed that for EBRC35 the surface roughness of the sample might 
have affected the accuracy of the measurements. EBRC35 also had high residual 
stresses.
EBRC38 had a graded layered structure. Microhardness indents across the sample 
showed an increase in hardness as the layer thickness decreased. Fig 7.13 shows that 
the maximum hardness of 182kg/mm^ occurred in the central region of the laminate 
where the layers were approximately 0.5jttm Al and ljum Ti and fell to a minimum 
of 160kg/mm^ in the outer regions of the laminate where the layers were 
approximately 3.5jitm Al and Sjitm Ti.
In table 7.1 the fracture strength values show EBRCIO having the lowest strength of 
6 8 MPa. SEM analysis of the fracture faces of EBRCIO showed failures originating 
from macroscopic defects (such as spits) within the laminate. EBRC36 had the
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highest fracture strength of the laminates tested cr^^^^=481MPa). The
SEM images of the fracture face of EBRC36 showed no signs of plastic deformation 
although some cleavage of the layers was evident (fig 7.14). For EBRC38 the 
fracture path ran across the whole thickness of the laminate apparently undeflected 
by the changes in layer thickness (fig 7.15).
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Fig 7.1 4 Point Bend Plot showing load against deflection for as deposited
EBRCIO.
J3
a.I E o f  I I
suii2I
I
1m
I
R8(N) peoT
7.13
Chapter 7: Mechanical Properties of Laminates
Fig. 7.2 4 Point Bend Plot showing load against deflection for as deposited
EBRC35.
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Fig. 7.3 4 Point Bend Plot showing load against deflection for as deposited
EBRC36.
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Fig. 7.4 4 Point Bend Plot showing load against deflection for as deposited
EBRC38.
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Fig. 7.5 4 Point Bend Plot showing load against deflection for as deposited
EBRC39 (Pure Al).
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Fig. 7.6 4 Point Bend Plot showing load against deflection for as deposited
EBRC47(PureTi).
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Fig. 7.7 4 Point Bend Plot of EBRC36 using strain gauges (testing done at
Bristol University).
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Fig 7.8 SEM image of fracture face of EBRC47 (pure Ti) showing columnar 
growth.
I
Fig. 7.9 PVD Ti microhardness as a function of substrate temperature (after 
Movchan and Demchishin 1969).
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Fig. 7.10 Back scattered SEM image of as deposited EBRC39 (Pure Al) in cross- 
section showing large amount of porous regions.
i 40pm
Fig 7.11 A graph showing variation of pore volume fraction against Young’s 
modulus for various S/R ratios for PVD Al. (S= annular flaw 
size, R =  pore radius).
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Fig. 7.12 Microhardness of EBRC laminates as a function of layer thickness.
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Fig, 7.13 Microhardness of EBRC38 as a function of distance through laminate.
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Fig. 7.14 SEM image of fracture face of EBRC36 showing brittle cleavage and 
cleavage of layers.
Fig. 7.15 SEM image of fracture face of EBRC38 showing how brittle fracture 
runs through thickness of sample irrespective of layer thickness.
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CONCLUSIONS & FUTURE WORK
8.1 INTRODUCTION
The work described in this diesis concerned two classes of material. Thermally 
evaporated laminates (given the material designation RC) which were Al rich and 
contained only thin Ti layers, and electron beam evaporated laminates (given the 
material designation EBRC) with roughly equal layer thicknesses of Ti and Al. Both 
these classes of material were microstructurally characterised. EBRC4 and EBRCIO 
laminates, chosen to represent micron and nm layering, were examined to assess their 
thermal stability. The mechanical properties of all the Ti/AI based EB laminates were 
evaluated.
8.2 MICROSTRUCTURES OF AS DEPOSITED Ti/AI LAMINATES
A summary of the microstructures of all the Ti/AI based laminates studied is given 
in table 8.1.
1. For the RC laminates the microstructures appeared to be driven by the 
temperature of deposition in relation to T^  ^of Al and not that of Ti.
2. In the EBRC laminates one could expect the microstructure to be driven by 
the temperature of deposition in relation to T^  ^ of Ti. The microstructures of 
laminates EBRC7 and EBRCIO were columnar (0.25-0.3 < T/T^  ^ <  0.45) and 
tapered ciystallite (T/T,„ < 0.25-0.3) for EBRC35, and as such Ti did appear to be driving
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Table 8.1 Summary of the microstructures of the as deposited Ti/AI laminates 
studied in this thesis.
Material
Designation
Actual Al 
average 
thickness 
(nm)
Actual Ti 
average 
tliickness 
(nm)
T/T ,
Al
T/T„
Ti
Mic Phases Identified by 
XRD/TEM
RC60 120 18 0.4 0.19 Col
RC51 31 4 0.6 0.27 Eq Al, TijAl, TiAlj, 
(h.c.p. Ti ELNES only)
RC49 50 15 0.6 0.29 Eq AfXijAl, TiAl,TiAl3,
( f.c.c. Ti in SAED and 
HREM only)
EBRC4 0.2 xlO= 1 x10" 0.6 0.3 Eq h.c.p. Ti,Al,ThAl, TiAl, 
TiAla,
EBRC7 20 100 0.6 0.29 Col
EBRCIO 8 12 0.7 0.32 Col h.c.p. Ti.Al,Ti3Al,TiAl, 
(SAED &XRD) f.c.c. Ti
EBRC35 8.5 11 0.5 0.26 Tap
Cry
h.c.p. Ti. Al. TigAl. TiAl. 
f.c.c. Ti
EBRC36 3-9 xlO^ 1.5-9 xlO" 0.6 0.29 Eq h.c.p. Ti. f.c.c. Al, TijAl, 
TiAl. TiAl 3
EBRC38 0.5-3.5x10" 1-3 xlO" 0.5 0.26 Eq h.c.p. Ti, f.c.c. Al, TijAl, 
TiAl, TiAlj
Key: Mic = microstructure, Col = columnar, Eq = equiaxed, Tap Cry = tapered
crystallites, T = temperature of deposition, T„,= melting point of deposited material
the microstructures of these laminates. However, this was not the case for the thicker 
layered laminates EBRC4, EBRC36 and EBRC38 all of which exhibited equiaxed
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microstructures for T/T^ of Ti approximately 0.26-0.3 even though they would be 
expected to have a columnar structure on the basis of the model by Movchan and 
Demchishin (1969).
3. It is suggested that the Movchan/Demchishin model needs to take account of the
thickness of the second metal layer. Attempts have been made to refine the 
Movchan/Demchishin structural model by studying the effects of parameters such as 
deposition rate, incidence angle, adatom kinetic energy, substrate geometiy and material 
properties on the microstructure of deposits (section 2.8.1).
4. All the RC and EBRC Ti/AI based laminates showed evidence of intermetallic 
formation (see table 8.1).
5. In the RC alloys TiAlg was found. This is the equilibrium phase that one could 
expect from the overall composition of the laminate and the intermetallic phase expected 
to form from diffusion studies between Ti and Al layers (Loo and Rieck 1973).
6. In the RC alloys TiAl and TigAl was also found. These are not equilibrium 
phases for these laminates. It is suggested that they could have formed from penetration 
of the impinging Al atoms into the Ti substrate.
7. In RC49 there was evidence of layer breakdown and that Ti and Al did not form 
complete layer coverage (i.e. Volmer-Weber island growth). This change in growth 
mode could be indicative of strain in the multilayers changing the growth mode from a 
layer by layer to island formation. Intermetallics were formed in the regions where Ti 
and Al were intimately mixed and at the interfaces between the Ti and Al layers.
8. In EBRCIO and EBRC35 Ti^Al and TiAl was found. These phases would be 
expected to form from the overall composition of the laminate. No TiAlj was found in 
these two laminates.
9. In laminates EBRC4, EBRC36 and EBRC3 8 there was evidence for the presence 
of TijAl, TiAl and TiAlj.
10. In laminates EBRC36 and EBRC38 there was evidence to show Al streaking into 
the Ti layers. This suggests Al atoms impinging into the Ti substrate during deposition.
11. It is suggested that f.c.c. Ti did not form as a consequence of cross-sectional ion- 
beam thinning but was developed during the deposition process. F.c.c. Ti was found in
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RC49, EBRCIO and EBRC3S.
12. In RC49 f.c.c, Ti existed in a 'tri-layered' stmcture comprising o f TiAl and f.c.c. 
Ti.
13. The a spacing for f.c.c. Ti was calculated as a = 0.436nm, wliich is in agreement 
with the value published by Aliuja and Frazer (1994A).
14. In EBRC4 heat treated at 1223K for 2 hours and furnace cooled, all the layers 
were lost, whereas EBRC4 heat treated at 823K for 2 hours and furnace cooled appeared 
to have undergone no or limited reactions. Also DSC scans at 20K/min up to HOOK 
showed no solid state reactions occurring.
15. In EBRCIO there was complete layer breakdown for a heat treatment of 1 minute 
at 573K. DSC scans at 2K/minute showed reactions occuning around two peaks at 51 OK 
and 547K. TEM analysis confirmed these two peaks to be associated with interlayer 
breakdown and, it is suggested the formation of TiAlg a phase which was not identified 
in as deposited EBRCIO.
16. DSC gave a very low heat of formation for TiAl^ in EBRCIO of 4.1kJ/g-atom,
which is attributed to the mixing of the reactants during deposition or by interdiflfusion.
17. The stresses in EBRCIO and EBRC35 were given in table 6.3. The stresses for 
Ti varied from 550MPa (EBRCIO) to l.SGPa (EBRC35). The origin of this stress stems 
from lattice mismatches and from the deposition processes.
18. It is suggested that stresses affected interdiffrision and that they changed the 
growth mode from a layer by layer mode to one with three dimensional islanding.
8.3 MECHANICAL PROPERTIES OF LAMINATES
1. Reports that at small layer thicknesses increases in strength hardness and modulus 
could be observed have not been confirmed.
2. Comparisons between the mechanical properties of the laminates cannot be made 
because of their complex and different microstructures.
3. All the laminates studied had low moduli.
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8.4 FUTURE WORK
This study has shown that the subject of structure-property relationships in laminates 
is a complex one. The following are some areas where future work could focus:
1. What is the distribution of the Ti/AI intermetallics in the laminates? Have 
these intermetallic formed as three dimensional islands during deposition? EFTEM 
mapping of some of the thicker laminates such as EBRC36 with the Al streaks into 
the Ti layers would be of value.
2. How does the structure of the laminates vary as a function of height from the 
collector? In RC49 EFTEM images showed some of the structural variation observed 
progressing from sharp regular layers to fanned layers and on to diffuse layers.
3. Does f.c.c. Ti only form in layered structures and if so is there a critical layer 
thickness at which it forms? Depositing a wedge of Ti onto a flat substrate of Al, 
with the wedge changing from nm to microns in thickness would allow the analysis 
of what the critical thickness for f.c.c. Ti formation is.
4. Is f.c.c. Ti stabilised by interstitials? Results from this thesis do not show the 
formation of TiN or TiO.
5. How would changing the stress levels in EBRCIO change the temperature of 
interlayer breakdown? Increasing the stress in EBRCIO by cold rolling prior to heat 
treatment would help quantify the effect stress is having on the temperature of 
interlayer breakdown.
6. What is the mechanism for layer breakdown? It is believed that the best way 
to establish this is by hot stage TEM (as attempted in this thesis). A repeat of the 
experiment outlined in this thesis for longer times and higher temperatures should 
help to establish the mechanism.
7. Optimisation of the deposition parameters.
There needs to be a quantitative measure of how substrate roughness affects 
the quality of laminate. This could be achieved by depositing a standard
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laminate under constant conditions onto substrates of various quantified 
roughnesses.
It would be of use to analyse how the laminate quality is affected by power 
to the evaporating rods i.e. what is the optimum point which would allow high 
quality laminates to be produced at acceptable evaporation rates.
8. The mechanical properties of EBRCIO were governed by its columnar 
properties. Tins is not a fair measure of how laminating enhanced the Ti/AI structure 
but more a reflection on the deposition technique. The columnar structure could be 
partially removed by cold rolling and the mechanical tests repeated.
9. It would be of interest to deposit Ti and Al layers of various relative 
thicknesses between a barrier layer such as yttria to assess which intermetallics form 
during heat treatment.
8.6
REFERENCES
Aberman R ., 1992: Mat. Res. Soc. Symp. Proc. 1992, Vol. 239, pp25
A hujaR ., Fraser H ,, 1994A: Mat. Res. Soc. Symp. Proc., 1994, Vol. 317 pp 479- 
484
A h u jaR ., Fraser H ., 1994B: J. Mats 1994, pp35-39
Ahuja R ., Fraser H „  1994C: J. Elec. Mats, 1994, Vol. 23, No 10, pp 1027-1034
Alexandre J .L ., 1993, Vasconcellos M .A.Z., Teixeira S.R., Baumvol I.J.R.: App. 
Phys. A, 1993, Vol. A56, pp 113-118
A ndrieu S., 1993, Piecuch M ., Fischer H ., Bobo J.F ., Bertran F ., Bauer Ph., 
Hennion M.: J. Magnetism. Mag. Mats., 1993, Vol. 121, pp30
Asai M ., 1985, Veba H ., Tatsuyama C.: J. Appl. Phys., 1985, Vol. 58, pp 2577
Bader S.D., L iD ., 1996: J. of Magnetism and Mag. Mat., 1996, Vol. 156, No. 1, 
pp 153
B aker S .P ., 1990, Jankowski A.F., Hong S., Nix W.D.: Mat. Res. Soc. Symp. 
Proc., 1990, Vol. 188, pp 289
B anerjea A,, Smith J .R ., 1987: Phys. Rev. B., 1987, Vol. 35, No 11, pp 5413- 
5420
R .l
References
BanerjeeR., 1997, Zhang X.R., Ahuja R., Asta M., Quong A.A., Dregia S., Fraser
H .L .: Chemistry and Physics of Nanostructures and Related Non-Equilibrium 
Materials, 1997
B arnett S.A., Shinn M ., 1994: Ann. Rev. Mater. Sci. 1994, Vol 24 pp 481-511
B aum ann T., 1987, Pethica J.B., Grimsditch M., Schuller I.K.: Interfaces 
Superlattices and Thin Films edited Dow J.D. and Schuller I.K ., Mats. Res. Soc. 
Symp. Proc., 1987, Vol 77, pp 527
Bennet W. R ., 1987, Leavitt J.A ., Falco C.M.: Phys. Rev. B, 1987, Vol. 35, No. 
9, pp 4199-4204
Berger A., Kohl H ., 1993: Optik92., 1993, ppl75-193
Bevk J . ,  1978, Harbison J.P ., Bell J.L.: J. Appl. Phys., 1978, Vol. 49, pp 6031- 
6040
Bickerdike R .L ., 1984, Clark D ., Easterbrook J.N., Hughes G., Mair W.N., 
Partridge P.G., Ranson H.C.: Int. J. Rapid Solidification 1984-85, Vol. 1, pp 305- 
325
Bilello J .C ., Yalisove S.M ., 1994: High Performance Metal and Ceramic Matrix 
Composites , 1994
Bishop H .E ., 1983: Scanning Electron Microscopy, Vol. HE, Chicago: SEM Inc. 
AMF (O’Hare), pl083
Blackburn M .J., 1967: Trans Metall. Soc AIME, 1967, Vol. 239, pp 1200 
Boone D .H ., 1986: Mat. Sci. & Tech, 1986 Vol. 2, pp 220-224
References
Bourret A., Rouviere J X . ,  1990: Phil Mag. B., 1990, Vol 62, No 4, pp 415-434
B rydsonR ., 1995: J. Micr., 1995, Vol. 180, pp238-249.
Bunshah R .F ., Juntz R .S ., 1973: Metall. Trans., 1973, Vol. 4, No. 1, pp 21-26
B unshah R .F ., 1980, Nimmagadda R., Doerr H.J.: Thin Solid Films, 1980, Vol. 
72 pp 261-275
Bunshah R .F ., 1982: Deposition Technologies for Films and Coatings, 1982, ed. 
R.F. Bunshah, Noyes, Park Ridge, New Jersey.
Cahn W ., 1962: Acta Metall., Vol. 10, pp 179
Cam m arata R .C ., 1986: Scripta Met., 1986, Vol. 20, pp 479
C am m arata R .C ., Sieradzki K ., 1989: Phys. Rev. Lett., 1989, Vol. 62, No. 17 
pp 2005- 2008
Canunarata R .C ., Schlesinger T .E ., 1990: Appl. Phys. Lett., 1990 Vol. 56, pp 
1862-1864
Cammarata R .C., 1995: Proceedings from 2"** International Symposium on Metallic 
Multilayers, 1995, pp 73
Cariotti G., 1992, Montone A., Sacchetti F., Antisara M. V.: EUREM, 1992, Vol. 
2 , pp 235-236
Cariotti G., 1993, Montone A., Petrillo C., Vittori Anitsari M.: J. Phys. Condens. 
Mat., 1993, Vol. 5 pp 4611-4622
References
Carsley J .E ., 1995, Ning J., Milligan W.W., Hackney S.A., Aifantis B.C.: 
Nanostructured Materials, 1995, Vol. 5, No. 4, pp 441
C hesnutt J .C ., Williams J .C ., 1990: Defence and Aerospace, 1990, Vol. 6, pp 
509-512
Chiang C.S., Johnson W .C ., 1989: J. Mat. Res., Vol. 4, No.3, pp 678-687
Chokshi A.H., 1989, Rosen A., Karch J., Gleiter H.: Scripta Met., 1989, Vol. 23, 
pp 1989
Chou T .C ., 1992A, Nieh T.G., McAdams S.D., Pharr G.M., Oliver W .C.: J. 
Mater. Res. 1992, Vol. 7, No. 10, pp 2774-2784
Chou T .C ., 1992B, Nieh T.G., Tsui T.Y., Pharr G.M., Oliver W .C.: J. Mater 
Res. 1992, Vol. 7, No. 10, pp 2765 - 2773
Chow G .M ., Edelstein A .S., 1992: Nano. Mats, 1992, Vol. 1, pp 107-111 
C lark H .T ., 1949, Trans Metal Soc., AIME, 1949, Vol. 185, pp 588
Clarke R ., 1986,: “The characterisation of modulated metallic structures by X-ray 
diffraction.” Thin Film Growth for Low Dimensional Structures ed. Farrow R .F.C ., 
Parkin S.S., Dobson P .J., Neave J.H ., Arrott A.S., Plenum Press 1986 ppl63
Clemens B.M ., Eesley G .L ., 1988,: Phys. Rev. Lett. 1988, Vol. 61, No. 20, pp 
2356-2359
Coffey K .R ., 1989, Clevenger L.A., Barmak K., Rudman D.A., Thompson C.V., 
Appl. Phys. Lett., 1989, Vol. 55, pp 852
References
Colgan E . G ,, 1985: Nastasi M., Mayer J.W ., J. Appl. Phys., 1985, Vol 58, pp 
4125
Colgan E . G ., M ayer J .W ., 1986: Mat. Res. Soc. Symp. Proc., 1986, Vol 54, pp 
121
Colgan E . G ., 1987A: J. Appl. Phys., 1987, Vol. 62, pp 2269
Colgan E . G ., 1987B: J. Appl. Phys., 1987, Vol. 62, pp 1224
Cook H .E ., H illiard J .E ., 1969: J. Appl. Phys., 1969, Vol. 40, No. 5, pp 2191 - 
2198
Cottrel A., 1975: An Introduction to Metallurgy, 2nd ed,, Arnold, 1975
Cullity B .D ., 1978: Elements of X-ray diffraction, Adison-Wesely, Redding, 1978
Cunningham J .E ., 1987, Dura J., Flynn C.P.: Annual Meeting of the Metallurgical 
Society, symposium on Metallic Multilayers and Epitaxy in Denver, ed. Hong M., 
Gubser D .U ., Wolf S.A., The Metallurgical Society Inc., 1987
Dagerhamn T., 1969: Constitution'of Binary Alloys, Ed. McGraw-Hill, 1969, pp 45
Davis B .M ., 1992, Li D.X., Seidman D.N., Ketterson J.B., Bhodra R., Grimsditch 
M.: J. Mat Res., 1992, Vol. 7, pp 1356
Denquin A ., Naka S., 1996: Acta Mater., 1996, Vol. 44, No. 1, pp 343-352 
Deubner W ., 1930: Ann, d, Physik, 1930, Vol. 5, No. 2, pp 261-280
R.5
References
D oerner M .F ., Nix W .D ., 1988: Critical Reviews in Solid State and Materials 
Sciences, 1988, Vol. 14, No. 3, pp 225-268
DuM ond J . and Youtz J .P ., 1940: J. Appl. Phys., 1940, Vol. 11, pp357 
D unford, D ., 1995: Private communication
El-Sherik A .M ., 1992, Erb U ., Palumbo G., Aust K.T.: Scripta Met. And Mat. 
1992, Vol. 27, pp 1185
Esaki L ., Tsu R ., 1970: IBM J. Res. Dev., 1970, pp 61-65
Falco, C .M ., 1985: “Metal-Metal Superlattices.” In Dynamical phenomena at
surfaces interfaces and superlattices, ed. Nizzoli P ., Rieder K.H., and Willis R .F., 
Springer-Verlag 1985.
Fartash  A,, 1991, Fullerton E., Schuller I., Bobbin S., Wagner J.W ., Cammarata 
R.C., Kumar S., Grimsditch M.: Phys. Rev. B., 1991, Vol. 44, No. 24, pp 13760- 
13763
Few sterP.F., Andrew N X ., 1993: Mat. Sci. Forum., 1993, Vol. 133-136, pp 221- 
230
Fewster P .F ., 1994: Appl. Phys. A, 1994, Vol. 58, pp 121
Fleischer R .L ., 1989, DimidukD.M ., LipsittH.A.: Ann. Rev. Mater. Sci., 1989, 
Vol. 19, pp 231
Fougere G .E ., 1992, Weertman J.R., Siegel R.W., Kim S.: Scripta Met. et Mat., 
1992, Vol. 26, pp 1879
R.6
 ________________________      References
Froes F .H ., 1992, Suryanarayana C., Eliezer D.: J. Mat. Sci., 1992, Vol. 27, pp 
5113-5140
Gangulee A., 1974: J. Appl. Phys., 1974, Vol. 45, pp 3749.
G iron F ., Boher P ., 1993: Thin Solid Films, 1993, Vol. 236, pp 9 
Gleiter H ., 1992: Nano. Mat., 1992, Vol. 1, pp 1-19
Grimsditch M ., Schuller I.K ., 1992: Materials Interfaces, 1992, ed. Wolf D ., Yip
5., Chapman and Hall, Chapter 13
Grogger W ., 1995: Private communication
G uha S., 1990, Madhukar A., Rajkumar K.C.: Appl. Phys. Lett., 1990, Vol. 57,
p 2110
Guo W ., 1992, Martelli S., Padella F ., Magini M., Burgio N ., Paradise E., 
Franzoni V.: Mat. Sci. Forum, 1992, Vol. 88-90, pp 139
HaU E .O ., 1951: Proc. Phys. Soc., 1951, Vol. B64, pp 747-753
H ainan W .K ., Lee D ., 1983: High Temperature Protective Coatings, ed. Singhal
5 ., 1983, Vol. 3
H ardw ickD .A ., Cordi R .C ., 1990: Mat. Res. Soc. Symp. Proc., 1990, Vol. 194, 
pp 65-70
Helmersson U ., 1987, Todorova S., Barnett S.A., Sundgren J-E., Markert L.C., 
Greene I.E .: J. Appl. Phys., 1987, Vol. 62, No. 2, pp 481-484
R.7
_______________________________________________________________________________ References
Henein G ., 1979: PhD Thesis, Northwestern Uni., 1979
Henein G. E ., Hilliard J .E ., 1983: J. Appl. Phys., 1983, Vol. 54, No. 2, pp728- 
733
H enning C .A .O ., 1975, Boswell F.W ., Corbett J.M.: Acta Met., 1975, Vol. 23, 
ppl93-197
Hilliard J .E ., 1979: “Artificial Layered Structures and Their Properties. ” , Artificial 
and Natural Layered Structures, American Institute of Physics, 1979
H ofer F ., 1995, Warbichler P ., Grogger W.: Ultramicroscopy., 1995, Vol. 59, pp 
15-31
H ofer F ., W arbichler P ., 1996: Ultramicroscopy, 1996, Vol. 63, pp 21-25
Hoffm an D .W ., 1976: Thin Solid Films, 1976, Vol. 34, pp 185
Hoffm anD.W ., Thornton J.A ., 1982: J. Vac, Sci.&Tech., 1982, Vol. 20, pp 355
Howe J .M ., 1993: Int. Mat. Rev., 1993, Vol. 38, No. 5, pp 233-270
H u b en n an M X ., Grimsditch M ., 1989: Phys. Rev. Let., 1989, Vol. 62, No. 12, 
pp 1403-1406
Hughes G .H ., 1986, Smith S.D., Pand C.S., Johnson H.R., Armstrong R.W.: 
Scripta Met. 1986, Vol. 20, pp 93
Hutchison J X . ,  1981, Booker G.R., Abrahams M.S.: Microscopy of 
Semiconducting Materials, Ed. Cullis, 1981, Institute of Physics, London, Vol. 139
R.8
References
Ito sak iH ., 1982: PhD Thesis, Northwestern Uni., 1982
Jang J .S .C ., Koch C .C ., 1990: Scripta Met. Et Mat., 1990, Vol. 24, pp 1599
Jankow ski A .F., Tsakalakos T ., 1985: Mat. Res. Soc. Symp. Proc., 1985, Vol. 
37, pp 529
Jankowski A .F., 1988: J. Appl. Phys. F, 1988, Vol. 18, pp 413
Jankowski A .F., 1994, Sedillo M ., Hayes J.P.: J. of Appl. Phys., 1994, Vol. 33, 
pp 5019-5025
Jankowski A.F., W allM .A ., 1994: J. Mater. Res., 1994, Vol. 9, No. 1, pp 31-38
Jard ine A .P., 1993: Mat. Res. Soc. Symp. Proc., 1993, Vol. 311, pp 131
Jennet N .M ., Dingley D .J., 1991: J. Magnetism, and Mag. Mat,, 1991, Vol. 93, 
pp 472
Jesser W .A., Kuhlmann-W ilsdorf D ., 1967: Phys. Stat. Sol., 1967, Vol. 19, pp 
95-105
Jesser W .A,, Van der Merwe J .,  1988: J. Appl. Phys., 1988, Vol. 63, No. 6, pp 
1928-1936
Jin B .Y ., Ketterson J .B ., 1988: Advances in Physics, 1988, Vol. 38, pp 189
K han M .R ., 1982, Chun C.S.L., Felcher G.P., Grimsditch M., Kueny A., Falco 
C.M ., Schuller I.K .: Phys. Rev. Lett., 1982, Vol. 48, pp 166
R.9
References
Kimoto K ., 1994, Hirano T., Katsuhisa U ., Hoshiya H.: Jpn. J. Appl. Phys., 1994, 
Vol. 33, pp 1642 -1644
Kingetsu T .K ., 1990, Sakai T.K., Kaneko T., Yamaguchi A., Yamamato R.: Mat. 
Res. Soc. Symp. Proc., 1990, Vol. 187, pp 309
Knudsen F .P ., 1962: J. Amer. Ceram. Soc., 1962, Vol. 45, pp 94
Koehler J .S ., 1970: Phys. Rev. B., 1970, Vol. 2, No. 2, pp 547-551
K othleitner G ., 1996: Ph.D. Thesis, Technical University Graz, Austria, 1996
Krivanek O X ., 1992, Gubbens A.J., Dellby N ., Meyer C.E.: Microsc. Microanal. 
Microstruct., 1992, Vol. 3, pp 187-199
K rstic  V.D., Erickson W .H ., 1987: J. Mat. Sci., Aug 1987, Vol. 22, No. 8, pp
2881-2886
K rstic V .D., Erickson W .H ., 1988: J. Mat. Sci., 1988, Vol. 23, pp 4097
K rstic V .D., 1993, Erb U ., Palumbo G.: Scripta Met. et Mat., 1993, Vol. 29, pp 
1501-1504
Lamelas F .J ., 1989, Lee C.H., He H ., Vavra W ., Clarke R.: Phys. Rev. B, 1989, 
Vol. 40, No. 8 , pp 5837
Larche F .C ., Cahn J.W ., 1985: Acta Met., Mar 1985, Vol. 33, No. 3, pp 331-357 
Lee W .Y ., M ore K .L ., 1995: J. Mat. Res., 1995, Vol. 10, No. 1, pp 49-53
R.10
References
LeGous F .K ., 1990, Copel M ., Tromp R.M.: Phys. Rev. B, 1990, Vol. 42, pp 
11690
Lehoczky S.L ., 1978A: J. Appl. Phys. ,1978, Vol. 49, No. 11, pp 5479-5485
Lehoczsky S.L ., 1978B: Phys. Rev. Let, 1978, Vol. 41, No. 26, pp 1814-1818
Leifer K ., 1994, Buffat P.A ., Boni P., Blsenhans O., Friedli H .P ., Grimmer H., 
Anderson I.S.: ICEM 13, 1994, pp 189-190
LI Z .G ., 1993, Garcia P .F ., Cheng Y.: J. Appl. Phys., 1993, Vol. 73, No. 5, pp 
2433
Lie K ., 1996, Bardai A., Holmestad R., Marthinsen K. and Hoeier R.: Proceedings 
of EUREM, 1996, Dublin, Ireland
Lie K ., 1997, Holmestad R., Marthinsen K. and Hoeier R.: Submitted to Phys. Rev. 
B, 1997
Loo F .J .J . Van, Rieck G ., 1973: Acta Met., 1973, Vol. 21, pp 61-71
Loretto M .H., 1994: Electron Beam Analysis of Materials, Ed. Chapman and Hall, 
1994
Lowe W .P., Geballe T .H ., 1984: Phys. Rev. B, 1984, Vol. 29, No. 9, pp 4961
M ajni G ., 1981, Nobili C., Ottaviani G., Costato M., Galli E .,: J. Appl. Phys., 
1981, Vol. 1981, pp 4047
Matthews J.W ., Blakeslee A .E., 1976: J. Crystal Growth, 1976, Vol. 32, pp 265
R .l l
References
Michaelsen C., 1994, Wohlert S., Bormann R., Barmak K.: Mat. Res. Soc. Symp. 
Proc., 1994, Vol. 343, pp 205
Michaelsen C ., 1996, Wohlert S., Bormann R., Barmak K.: Mat. Res. Soc. Symp. 
Proc., 1996, Vol. 398, pp 245-250
M lik iN ., 1994, Abdelmoula, Renard D ., Nihoul G.: ICEM, 1994, pp 219-220
M orra V ., 1991: J. Electrochem. Soc., 1991, Vol. 44, pp 278
Movchan B.A., Demchishin A.V., 1969: Fiz. Metal Metalloved 1969, Vol. 28, No. 
4, pp 653-660
M urray J . L ., 1987: Phase Diagram of Binary Titanium Alloys (ASM Metals Park, 
OH 1987).
M urray J . L ., 1988: Met. Trans. A, 1988, Vol. 19A, pp 243
N akahara S., 1980, Schütz R .J., Testardi L.R.: Thin Solid Films, 1980, Vol. 72, 
pp 272-284
N athan M ., Ashearn J .S ., 1993: J. Mat. Sci. Let., 1993, Vol. 12, pp 1622
Nieh T .G ., W adsworth J . ,  1991: Scripta Met.et Mat., 1991, Vol. 25, pp 955
Nieman G.W., Weertman J .R ., 1991: J. Mat. Res., 1991, Vol. 6, No. 5, pp 1012
Nieman G.W ., 1992, Weertman J.R., Siegel R.W.: Nanostructured Materials, 1992, 
Vol. 1, pp 185-190
Nix W .D., 1994: Private Communications to Thompson C.V., 1994
R.12
References
Nuffield Data Book: 2nd edition, 1989
Num akura H ., Koiwa M ., 1984: Acta Met., 1984, Vol. 32, pp 1799
Pashley D .W ., 1956: Adv. Phys., 1956, Vol. 5, pp 173
Pashley D .W ., 1965: Adv. Phys., 1965, Vol. 14, pp 327
Pashley D W , 1985: Mat. Res. Soc. Symp. Proc., Vol. 37, pp 67-76
Paulson W .M ., Hilliard J .E ., 1977: J. Appl. Phys., 1977, Vol. 48, No. 6, pp 
2117-2123
Paxton A.T., 1990, Methfessel M., Polatoglou H.M .: Phys Rev. B., 1990, Vol. 41, 
pp 8127
Petch N X , 1953: J. Iron & Steel Inst., 1953, Vol. 174, pp 25-28
Philofsky E .M ., Hilliard J .E ., 1969: J. Appl. Phys., 1969, Vol. 40, No. 5, pp 
2198-2205
Pickett W .E., 1982: J. Phys. P ., 1982, Vol. 12, pp 2195
Piecuch M ., Nevot L ,, 1990: Mat. Sci. Forums, 1990, Vol. 59, pp 93
Pretorius R ., 1991, Vredenberg A.M., Saris F.W ., Reus R. de,: J. Appl. Phys., 
1991, Vol. 70, No. 1, pp 3636
PutzschkeM ., Schubert 1962: Z, Metallk., 1962, Vol. 53, pp 548
Redfield A C ., Zangwill A .M ., 1986: Phys. Rev. B., 1986, Vol. 34, No. 2, pp
R.13
Schuller, Ï.K., 1986: J. Vac. Sci. Technology, 1986, Vol. B4, ppl444
Schuller, L, Falco, C M ., Hilliard, J., Ketterson, J., Thaler, B., Lacoe, R. and 
Dee, R., 1979: Proc. Conf. American Institute of Physics, 1979, pp417-421
References
1378
Rowe, R .G ., 1994, SkeUy D.W ., Larsen M ., Heathcote J., Lucas G., Odette G.R.: 
Mat. Res. Soc. Symp. Proc., 1994, Vol. 322, pp 461-472
Royer L ., 1928: Bulletin Society Français Min, 1928, Vol. 51, pp 7
Saleh A., 1994, Schutthanandan V., Smith R.J.: Phys. Rev. B, 1994, Vol. 49, No.
7, pp 4908-4914
Sans C ., 1983, Deshpandey C., Doerr H .J., Bunshah R .F., Movchan B.A., 
Demischin A.V.: Thin Solid Films, 1983, Vol. 107, pp 345
Schechtm an D ., 1994, Van Heerden D.,Josell D.: Mat. Lett., 1994, Vol. 20, pp
329-334
Schneeweiss H .J ., Aberman R ., 1993: Thin Solid Films, 1993, Vol. 228, pp 40 
Schulz J . ,  1950: Opt. Soc. Amer., 1950, Vol. 40, pp 690-692 
Schulz L .G ., 1951: Acta. Cryst., 1951, Vol. 4, pp 483
Scott C.P., 1994, Craven A.J., Hatto P., Davies C., Wilkinson C.D.: ICEM, 1994,
pp 661-662
Shao G ., 1995: PhD Thesis, University of Surrey, 1995
Shao G ., 1997, Tsakiropolous P., Loader C., Dunford D ., Ward-Close M.C.: 
Proceedings of the TMS Spring M tg., March 1997
R.14
 _______________   References
Small M ., 1994, Daniels B.J., Clemens B.M., Nix W.: J. Mater. Res., 1994, Vol. 
9, No. 1, pp 25-30
Stephenson G .B., 1988: Acta Metall., 1988, Vol. 36, pp 2663
Suryanarayana C ., 1995: Int. Mat. Rev., 1995, Vol. 40, No. 2, pp 41-64
Tardy J . ,  Tu K .N ., 1985: Phys. Rev. B., 1985, Vol. 32, pp 2070
Tench D ., White J . ,  1984: Met. Trans. A., 1984, Vol. 15A, pp 2039-2040
T estard i L .R ., 1981, Willens R .H ., Krause J.T ., McWhan D.B., Nakahara S.: J. 
Appl. Phys., 1981, Vol. 52, pp 510-511
Thompson V., 1979, Hinterman H.E., CholletL.: Surf. Technol., 1979, Vol. 8, pp 
421
Thompson C .V ., 1992: J. Mat. Res., 1992, Vol. 7, pp 367
Thom pson C .V ., C are lR ., 1996: J. Mech. Phys. Sol., 1996, Vol. 44, No. 5, pp 
657
Thornton J .A ., 1974: J.Vac. Sci. Tech., 1974, Vol. 11, No. 4, pp 666-670 
Thornton J .A ., 1975: J.Vac. Sci. Tech. 1975, Vol 12, No. 4, pp 830-835 
Thornton J.A ., 1977: Ann. Rev. Mat. Sci., 1977, Vol. 7, pp 239 
Tsakalakos T ., Hilliard J .E ., 1983: Vol. 54, No. 2, pp 734-737
R.15
References
Tsunshîma S., 1996: J. of Magnetism and Mag. Mat., 1996, Vol. 156, No. 1, pp 
283
Underwood J .H ., Barbee T .W ., 1981: Appl, Opt., 1981, Vol. 20, pp 3027
Van der Merwe J . ,  1963: J. Appl. Phys., 1963, Vol. 34, pp 117
Van der Merwe J . ,  Jesser W .A., 1988: J. Appl. Phys., 1988, Vo.l 63, No. 6, pp 
1509-1517
Van Heerden D ., 1996, Josell D., Schechtman D.: Acta Mater., 1996, Vol. 44, No. 
1, pp 297-306
Vanhellemont H ., 1988: Mat. Res. Soc. Symp. Proc., 1988, Vol. 70, pp 176
W all, M .A ., 1995, Barbee Jr., T.W ., Weihs T.P.: Mat. Res. Soc. Symp. Proc., 
1995, Vol. 382, pp 321-326
Wang X ., 1994, Sohn H.Y., Schlesinger M .E.,: Mat. Sci. & Eng., 1994, Vol. 186, 
pp 151-155
W ard-Close M ., 1995: Private Communication
W aw ner F .E ., Lawless K .R ., 1969: J. Vac. Sci. & Tech., 1969, Vol. 6, pp 588
W eertm an J .R ., 1993: Mat. Sci. Eng., 1993, Vol. A166, pp 161-167
Weihs T .P ., 1995, Barbee T.W ., Wall, M.A.: Mat. Res. Soc. Symp. Proc., 1995, 
Vol. 382, pp 21-26
W hite D ,, 1996: Private Communication
R.16
References
Wieczorek M.D., 1993, Keavney D.J., Storm D .F., Walker J.C.: J. Magnetism and 
Magnetic Materials, 1993, Vol. 121, pp 34
W olf D ., Lutsko J .F ., 1988: Phys. Rev. Lett., 1988, Vol. 60, pp 1170
W olf D ., Jaszczak J.A ., 1992: Materials Interfaces, 1992, ed. Wolf D ., Yip S., 
Chapman and Hall, Chapter 14
W u T .B ., 1982: J. Appl. Phys., 1982, Vol. 53, pp 5265
Xie Y .H ., 1994, Gilmer G.H., Roland C., Silverman P.J., Buratto S.K., Cheng 
J .Y ., Fitzgerald E.A ., Kortan A.R., Schippler S., Marcus M.A., Citrin P.: Phys. 
Rev. Lett., 1994, Vol. 73, pp 3006
Yang W .M .C ., 1977, Tsakalakos T., Hilliard J.E.: J. Appl. Phys., 1977, Vol. 48, 
No. 3, pp 876-879
Yang Y .G ., 1997, Johnson R.A., Wadley H.N.: Acta Mater., 1997, Vol. 45, No 
4, pp 1455-1468
YoshU K ., 1984, Takagi H ., Umeno M ., Kawabe H.: Met. Trans. A, 1984, Vol. 
15A, pp 1273-1278
Zhang X. D ., 1996, Godfrey S., Weaver M ., Strangwood M., Threadgills P., 
Kaufman M .J., Loretto M.H.: Acta M ater., 1996, Vol. 44, No. 9, pp 3723-3734
Zheng J .Q ., 1982, Ketterson J.B., Falco C.M., Schuller I.K.: Mat. Res. Soc. 
Symp. Proc., 1982, Vol. 53, No. 4, pp 3150
Zhou X .W ., 1997, Johnson R.A., Wadley H.N.: Acta Metall., 1997, Vol. 45, No. 
4, pp 1513-1524
R.17
______________________   Appendix A
Appendix A - List of Publications
1. Dunford D ., Coast-Smith L ., Brydson R ., Tsakiropolous P ., Ward-Close M ., 
1995, Proc. of 8th World Titanium Conference (Birmingham 1995), pp 155-162.
2. Coast-Smith L.S., Brydson R., Tsakiropolous P., Dunford D., Ward-Close 
M ., 1996, Journal of Magnetism and Magnetic Materials, Vol. 156, pp 17-18.
3. Grogger W., Hofer F ., Coast-Smith L., Brysdon R., 1996, Proc of EUREM 
Dublin
4. Coast-Smith L.S., Brydson R., Tsakiropolous P., Dunford D ., Ward-Close 
M ., Hofer F ., Grogger W., 1996, Proc of EUREM Dublin
5. Characterisation of thick -film Ti/Al nanolaminates - Coast-Smith L.S., 
Brydson R., Tsakiropolous P., Hofer F., Grogger W ., Dunford D ., Ward-Close M. - 
to be published 98 in Micron
A .l
Abbreviations
Appendix B - Abbreviations
CBED Convergent Beam Electron Diffraction
CMA Compositionally Modulated Alloy
CMW Compositionally Modulated Wavelength
CVD Chemical Vapour Deposition
DERA Defence Research and Evaluation Agency (RAE as was)
DSC Differentail Scanning Calorimetry
EB Electron Beam
EBE Electron Beam Evaporated
EBRC Electron Beam Evaporated RC laminate
EDM Electrode Discharge Machining
EDX Energy Dispersive X-ray Diffraction
EELS Electron Energy Loss Spectrometry
EFTEM Energy Filtered Transmission Electron Microscopy
ELNES Electron Energy Loss Near Edge Structures
EM Electron Microscopy
EN Electroless Nickel
EPMA Electron Probe Microanalysis
GIF Gatan Imaging Filter
HAADF High angle annular dark field
HREM High Resolution Electron Microscopy
MBE Molecular Beam Epitaxy
MRD Materials Research Diffractometer
PC-APD Philips automated powder diffraction
PEELS Parallel Electron Energy Loss Spectrometry
PVD Physical Vapour Deposition
RAE Royal Aircraft Establishment
RBS Rutherford Back Scattering
SAD Selected Area Diffraction
A bb.l
Abbreviations
SMC Structural Materials Centre
STEM Scanning Transmission electron microscopy
SZM Structural Zone model
TEM Transmission Electron Microscopy
UHV Ultra High Vacuum
XRD X-ray Diffraction
ZAP Z = atomic number, A =  absorption, F =  fluorescence
Abb.2
